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PREFACE. 



The first German edition of Dr. Werner von Siemens* 
papers and addresses has been received with so much 
interest in extensive circles, on account of their scientific 
and technical importance, that the demand has arisen for 
3, second edition, which the publishers have had much 
satisfaction in supplying ; this edition will consist of three 
volumes, and is intended to afford an exhaustive insight 
into the whole of the scientific and practical career of a 
-contemporary prominent alike as a scientific man and as a 
manufacturer. 

The present volume is a translation of the first volume 
•of the second German edition, and contains the scientific 
papers and addresses of the first edition, with the addition 
of some older and some more recent papers. 

This collection is now published for the first time in this 
•country and will it is believed prove Dr. Werner von Siemens 
to be one of the foremost among the many workers who 
'during the present century have revolutionized the manner 
of living by developing science and by applying its methods 
to the problems of every day life. 

Among the more interesting papers of this volume are 
those on Duplex Telegraphy, Electrostatic Induction, the 
Mercury Unit of electrical resistance, laying and testing 
Submarine Cables, the dynamo-electric principle, the in* 
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fluence of light on the electric resistance of selenium^ and 
many others the subjects of which deal with nearly every 
branch of science. 

A translation of the second yolume of the German 
edition comprising technical and other papers on domestic 
and industrial progress at home and abroad is nearly ready^ 
These essays, although written for special occasions, caa 
claim by common consent to be of permanent value. 

In an appendix to the second volume will be found 
descriptions of apparatus, instruments, and inventions 
which originated with the Author, and have been of 
importance to technical progress. 

A third volume will shortly appear in Germany giving 
an account of the remarkable career of Dr. Werner von 
Siemens, and in connection with it of the progress of the- 
renowned firm of Siemens and Halske, and of the part it 
has played in raising electro-technology to its present 
importance. 



CONTENTS OF VOLUME I. 

I 

PAOB ^^-. 

On thb Smplotmevt of Heated Aib as a Motive Powbb , l y^ 

Applicatiok of the Blbotbio Spabk to thb Mbabubement 

OF Vblocitt 7 

Bbmabks on the Eleotbolytio Deposition of Nickel and 

Cobalt t li 

On Teleqbaph Lines and Appabatus ...... 16 

Mexoib on the Eleotbio Teleobaph 29 

On Fobwabdinq Simultaneous Messages thbough a Tele- 
gbaph conduotob 64 

ANSWEB TO EDLUND'S BkMABKR ON THE SENDING OF SIMULTA- 
NEOUS Messages 80 

COBBEGTION OF THE FiNAL EEPLT OF Mb. EDLUND ON THE 

Duplex Telegbaph .* 84 

On Electbostatio Induction and Retabdation of the 

Cubbent in Cobes 87 

Bemabkb on Wheatstone*s automatic Wbiting Telegbaph . 1S6 

Outline of the Pbinciples and Pbactice Involved in Test- 
ing THE BLECTBICAL CONDITION OF SUBMABINE TELEGBAPH 

Cables 137 

Descbiption of unusually stbong Electbioal Phenomena 
ON THE Cheops Pybamid neab Caibo dubing the Blow- 
ing OF the Chamsins 159 

Pboposal fob a Bepbodugiblb Unit of Electbioal Besist- 

ANCE 162 

On Units of Besistange and the Dependence of the 

Besistance of Metals on Heat 180 

fiTANDABDS OF BESISTANCB 192 

On the Heating of the Glass Wall of the Leyden Jab 

BY THE CHABGE 192 

On the Unit of Electbioal Besistance 194 

On the Law of the Motion of Gases in Tubes ; on the ^^ 

Pneumatic Despatch of Messages in Beblin . . • 207 ^ 

Method fob Continuous Obsebvations of the Tempebatube 
OF the Sea when Sounding 216 

Of the Convebsion of Mechanical Eneboy into Eleotbio 

Cubbent without Pebmanent Magnets 217 

Dead-beat Kon-abtatic Magnets , 220 



via CONTENTS OF VOLUME /. 

PAGE 

Oapillaby Qalyai^oscope fob thb Measurement of Hebist- 

ANGE IN SUBMABINE CABLEB 222 

DiBECT MEABUBEMENT OF THE RSSIBTANGE OF GALVANIC 

Battebies 224 

INAUGUBAL SPEECH OF DB. SIEMENS AND BEPLT OF PbOF. DU 

BoiB Betmond, Secbetabt of the Physico-Mathematigal 
Section * 231 

CONTBIBUTIONS TO THE ThEOBY OF LAYINO AND TESTING SUB- ( 

MABINE TELEaBAPH CABLES 237 

On THB Influence of Light on the Conductivity of 
Cbystalline Selenium 2G3 

MEABUBEMENT OF THE VELOCITY OF TBANSMIBBION OF ELEG- 

TBiciTY IN Suspended Wibes 2C4 

On the Dependence of the Blectbic Conductivity of 
Selenium on Light and Heat (Pabt !.)•... 275 

On the Dependence of the Blectbic Conductivity of 
Selenium on Light and Heat (Pabt II.) . . . . 29(> 

On the Electbomotive Action of Illuminated Selenium 

DiSCOVEBBD by MB. FbITTS OF NEW YOBK .... 31& 

Physical and Mechanical Conbidebations suggested by 

THE OBSEBVATION OF AN BBUPTION OF VESUVIUS IN MAY, 
1878 321 

On the Dependence of the Electbic Conductivity of | 

Cabbon on Tempebatube 342 

OONTBIBUTION TO THE THEOBY OF ELECTBO-MAGNETISM . . 353 

On the Luminosity of Flame 372 

On the Admissibility of the Assumption of an Electbical 
SoLAB Potential, and its Impobtance fob the Eicplana- 

TION of TEBBESTBIAL PHENOMENA 377 

A CONTBIBUTION TO THE ThEOBY OF MAGNETISM . . . . 400 

On a Contbi VANCE FOB Repboducing the Unit of Light 
Pboposed by the Pabis Confebence for the Deteb- 

MINATION OF ELECTBIC UnITS 418 

On thb Units of Electricity and Light accobding to the 

Resolutions of the Pabis Intebnational Confebence . 419 ^ 

On the Consebvation of Enebgy in the Eabth's Atmosphebe 424 

On the Question of Cubbents of Aib 439 

On the Genebal System of Wi2n>s on the Eabth . . . 444. 

On the Question of Causes of Atmosphebig Cubbents . . 454 



THB 



SCIENTmC PAPERS & ADDRESSES 



OF 



WEENEE VON SIEMENS. 



ON THE EMPLOYMENT OF HEATED AIR AS A 
Cl^ MOTIVE POWER.* 

An engine driven by heated air, which has been working most 
successfnlly at Dundee for some time, is now being much talked 
about in England. Being much simpler, taking up much less 
space, and consuming proportionately a much smaller quantity of 
fuel than the steam engine, it is deservedly receiving very great 
and general attention. 

To employ, as a motive power, the great force with which con- 
fined air tends to expand when heated is not a new idea, and it 
hcus naturally received all the more attention from engineers, as 
the theoretically useful effect of a given quantity of heat is about 
three times greater when expended in heating air, than when used 
for the production of steam. That notwithstanding the prospect 
of 60 important a saving of fuel, a serviceable engine worked by 
means of heated air has not yet been brought out, may be chiefly 
owing to the difficulty there appears to be in quickly heating and 
cooling the considerable quantity of air required for working such 
an engine. 

I have received a short written communication from England 
of the way in which this is accomplished in the engine above 
referred to, and as to how it is worked by means of change of 
temperature of the air. Being, however, unfortunately without 

 Dingler'a Polyt. Journal, 1845, Vol. XCVII., p. 824. 
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infonnatioQ in regard to the details of coDstroction of the engine, 
the diagram (fig. 1) can in no way be regarded ae a drawing of it, 



but will Berre to make ita fundamental principle as clear as 
possible. 

The engine consists essentially of three closed cylinders, A, A' 
and S, the covers of which are provided with atnifing-boxes. The 
air which at a given time is at an equal pressure in both cylinders. 
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A and A', is alternately heated and cooled, a corresponding increase 
and diminntion of its expansive force takes place, and the plunger 
moves in the cylinder B with a pressure depending upon the 
difference of pressure simultaneously existing in the two cylinders. 

Within each of the two cylinders A and A' there is a second 
smaller cylinder a and ci^ in which plungers c d move up and 
down ; double cylinders are thus formed with an annular free space 
between their walls. In the top and bottom plates of the inner 
cylinders there are openings by means of which the air enclosed in 
them can freely communicate with the space between the walls of 
the double cylinders. If the plunger c is moved downwards, the 
air beneath it passes out by the opening ^, ascends between the 
walls of the two cylinders, and returns by the upper opening into 
the inner cylinder to occupy the space above the plunger as it 
becomes empty ; when the plunger moves up, the air must travel 
back in the opposite direction in order to get below it again. The 
space between the walls of the two cylinders, which must neces- 
sarily be traversed at each stroke of the plunger by the air con- 
tained in the inner cylinder, is filled for the most part with a good 
conductor of heat «, the air thus coming into contact with con- 
siderable heat-conducting surfaces. For this purpose it is best to 
fill the space between the two cylinders with thin concentric layers 
of sheet copper at small distances apart. The bottom of each of 
the outer cylinders A and A' is heated by means of fuel, whilst the 
cover is cooled by means of a reservoir of water / placed upon 
it ; from the reservoir a narrow worm-tube g passes out, filling 
the upper portion of the space between the two cylinders, through 
which cold water continually flows. 

When the plunger c is moved downwards, the air becomes 
heated by striking on the heated base-plate ; but it must give up 
this heat to the metal plates, between which it has to pass in 
finely divided currents. The slight balance of heat still retained 
by the air after it has passed through, is taken up by the worm- 
tube apd cold cover, so that the air becomes quite cold before 
entering the inner cylinder. When the plunger moves up again, 
the air again passes between the previously heated metal plates, 
but in the opposite direction, during which passage it comes into 
contact with hotter and hotter surfaces, and getting heated to a 
certain extent, reaches the hot base-plate, from which it receives a 

B 2 
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further supply of heat. Through repeated up and down strokes 
of the plunger c, the relation between the temperature of the 
plates and of the air above and below them will soon become 
constant. The heated air gives up as much heat to the plates in 
the up-stroke as it receives back from them in the down-stroke. 
The fuel is therefore not required to supply the whole of the heat 
necessary for heating the cooled air at each stroke, but only the 
small quantity absorbed in the system of tubes, and lost by con- 
duction, &c. 

In the cover of each cylinder A and A', two tubes Tc and h* are 
fixed, which are connected to the upper and lower end of the 
cylinder B, so that its plunger is forced up by the expansion of 
the air in A, and down by that of the air in A'. Now let us 
suppose that plunger c is at the highest and plunger c' at the 
lowest point of its travel, and assume the temperature of the air 
in the cylinder a to be about 230"* C, at which temperature its 
pressure would be about doubled. Let us suppose the cylinders to 
be filled with air at six times the ordinary pressure, the air con- 
tained in A would force up the plunger % with a pressure of twelve 
atmospheres, whilst that contained in A' would force it down with 
a pressure of six atmospheres. If now by the action of the engine 
itself c and c' complete their stroke, when % has travelled over half 
its course, then the force moving the latter would always attain its 
maximum when its velocity was greatest, whilst when it reaches 
its dead point c and d arrive at the middle of their stroke. The 
air in the cylinders A and A' is then half heated and half cooled, 
and its tension in both is therefore equal, so that the plunger can 
get over its dead point with the assistance of the fly-wheel, as 
there is no one-sided force to prevent it. But as soon as it begins 
to move in the opposite direction, the driving force becomes active 
again through the continued motion of the plungers <?, c\ and 
increasing at a very quick rate, it assures the continuous action of 
the engine without its being necessary to regulate the admission 
of the air into the driving cylinder by means of valves or slides. 

As only cold air can gain admission into the upper portion of 
the cylinders A and A', and consequently also into the driving 
cylinder B, it is possible to make the packing of the stuiSng-box 
and of the plunger * very perfect, even for higher pressures than 
are here assumed. Besides, it has been proved by experience that 
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it is much easier to make tight joints for air than for steam. As 
regards the plungers c and c\ it is much more difficult to effect a 
perfectly air-tight movement on account of the high temperature 
of the air below them. But this is not at all necessary^ as the 
difference in pressure of the air above and below them will always 
be very small, namely, that corresponding to the resistance pro^ 
duced by the air being driven through the spaces between the 
plates and tubes. These plungers must however be hollow and 
filled with bad conductors of heat, so as not to convey much heat 
by conduction to the cold air above them. Any air which may 
escape through the stuffing-boxes can be easily I'estored by means 
of a supply pump working continuously. 

It would be theoretically more correct always to fill the cylinder 
B with hot air ; nevertheless, the advantage previously mentioned 
connected with the use of cold air, namely, better packing, will 
certainly in all cases outweigh the disadvantage arising from it of 
unnecessarily enlarging the cylinders A and A', and the consequent 
trifling increase of fuel to produce the same driving force. It will 
be quite clear from what has been already said, that the consump- 
tion of fuel in this engine will be very small in comparison with 
that necessary for a steam engine of the same power ; the Dundee 
engine already referred to also fully proves this. It works up to 
26 horse-power, and makes 30 revolutions a minute, with a con- 
sumption of 5 pounds of coal, whilst the steam engine of the same 
power formerly used consumed 26 pounds. But whilst the air is 
heated to 300** C. in the engine, its heat is so thoroughly abstracted 
from it by the system of heat conductors employed, that on arrival 
at the tubes it is only 3° warmer than the cooling water, and as 
fuel should therefore apparently only be required to warm the air 
to this slight degree, the consumption of fuel mentioned is still 
disproportionately great. This is probably due to the circumstance 
that in the construction of the engine, the property of air to 
become heated by compression has not been taken into considera- 
tion. For example, when the heated air in a drives up the 
plunger in the cylinder B, it completely fills the latter, and its 
density and consequently also its temperature diminish. The heat 
thus rendered latent cannot be absorbed by the plates, but returns 
with the cooled air into the cylinder a, where it again becomes 
eensible, so that by the downward motion of the plunger t, the 
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former relation of density ig restored. The air already consider- 
ably heated in this way, most however pass through the convolu- 
tions of the worm-tube before it can be reheated by the metal 
plates. All the heat which becomes free is consequently absorbed 
by the cold water, and must therefore be made up for by means 
of firing. This considerable loss of heat can be to a great extent 
very easily avoided, by regulating the passage of the air by valves, 
80 that it need pass the tubes only once, namely, as it passes up» 
whilst in returning it would pass round them, and so directly to 
the plates in its already heated condition. By this means the 
greater portion of the heat which has become sensible would 
remain effective, and the consumption of fuel would in consequence 
be considerably diminished. 

Loss of heat cannot however be entirely avoided in this way, as 
the air being now delivered direct to the plates at a higher tem- 
perature, it cannot therefore completely cool the npper portion of 
the plates, hence the air on its return cannot be completely cooled 
by them, and must give up to the tubes its surplus temperature ; 
further, the heat continually conducted up by the plates and walls 
of the cylinder must be continually absorbed by the cooling water, 
and will hence have to be restored by firing. Although the 
quantity of heat to be recovered may be considered very insignifi- 
cant when compared with that which a steam engine requires, yet 
it is sufficient to make us seek means to restore it through the 
action of the engine itself, as for instance, by friction or continu- 
ously pumping the air into the lower, and allowing it to flow out 
by the upper portion of the cylinders A and A'. 

Instead of atmospheric air, any kind of gas may be employed 
for driving the engine, and by using part of the air which has 
already served for the combustion of the fuel for first filling the 
cylinders and afterwards for pumping, and allowing it to pass over 
red-hot iron plates in order to free it perfectly from oxygen, the 
important advant^e would without difficulty be gained of entirely 
preventing the oxidation of the heated lower portion of the 
cylinders A and A', at all events in the interior. 

It may be anticipated that in perfecting such an engine, as in 
everything new, difficulties of all kinds will arise, and that all 
sorts of opposition will not be wanting. Although the difficulties 
to be overcome may at first sight appear very great, yet modem 



WERNER VON SIEMENS. 7 

technical sciei^ce has so many resources at its command that it has 
already succeeded in overcoming even greater ones. The flmda- 
mental theory of the engine is too clear for there to be any doubt 
of its accuracy ; besides, experience has aheady clearly proved 
that no hidden error can possibly have slipped into the calculation 
to vitiate the result deduced from it. 

When we come to consider how great an impulse industry and 
commerce will receive by such a reduction in the cost of mechani- 
cal power as here foreshadowed, and how great will be the gain to 
the whole of mankind from so important a reduction in the con- 
sumption of fuely one cannot avoid looking upon this invention as 
one of the most important of the age, and joining in the hope that 
it may soon firmly take root, especially in Germany, where its 
advantages are not trammelled by any patent, and that the well- 
founded expectations of a grand future for it may be realised as 
early as possible. 



APPLICATION OP THE ELECTRIC SPARK TO THE 

MEASUREMENT OP VELOCITY.* 

A DISCUSSION has lately arisen regarding the priority of the idea 
of measuring the velocity of projectiles by means of the galvanic 
current. It appears, however, from the dates given that at a 
much earlier period a similar method had already been devised and 
applied in the Prussian Artillery. As the apparatus prepared for 
this purpose (which is still in use) has not yet been described in 
any scientific journal, although it was fully reported on at the 
time in some of the daily papers, I will say a few words on the 
origin and first carrying into execution of the idea of measuring the 
velocity of projectiles by means of the galvanic current, and especi- 
ally by means of electromagnetism. The accuracy of these state- 
ments can be verified by the papers of the respective government 
departments and by oflBcial communications about this matter made 
to the French and Russian Ambassadors on their application. 

* PoggendorfiTs Aimalen der Physik und Chemie, 1815, YoL LVI., p. 435. 
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On account of the great value to the artillerist of an exact deter- 
mination of the initial velocity of projectiles and of the great 
defects which were inherent in the instmments previously used for 
the purpose, especially the ballistic pendulum, the Royal Artillery 
Committee at Berlin was induced to try an entirely new method, 
namely, the direct measurement of the time of flight of the pro- 
jectile by means of an electromagnetic apparatus. As long ago as 
1838 this method had been fully worked out by the conmuttec in 
question. It consisted in constructing a clock suitable for measur- 
ing very small intervals of time, which could be started and 
stopped by means of magnetic force. Mr. Leonard, a clockmaker 
of this place, was commissioned to make it, and began in February, 
1839. The great technical difficulties attending the construction 
of such an instrument, by means of which the thousandth part of 
a second was to be registered, rendered necessary important modi- 
fications of the original design and many lengthy experiments. 
Thanks, however, to the zeal and great skill of Mr. Leonard, this 
task was at last accomplished in a most satisfactory manner, and 
in a form which is still used in the experiments of the committee. 
It consists essentially of a conical pendulum, which is kept in 
uniform rotation by means of clockwork. By the motion of a 
lever a pointer can be connected to this clockwork, which is in 
continuous and uniform motion, and can be again disconnected 
from it and stopped. 

In the experiments made with this clock in 1842 the attempt 
was made to start and stop the pointer in the followiqg way. 
The ball, as it passed out of the gun, closed an electric circuit, by 
which an electromagnet was energised and its armature attracted. 
By the movement of the armature the pointer was connected to 
the moving clockwork, and thereby set in motion. When the ball 
arrived at the target a similar action took place with a second 
electromagnet, by which the pointer was disconnected from the 
clockwork and stopped. 

It soon became evident, however, that the time measurements 
thus obtained would never reach the degree of accuracy which the 
construction of the clock permitted, firstly because the ball could 
not close the galvanic circuit directly, and for this purpose inter- 
mediate mechanism htvd to be inserted, which naturally introduced 
sources of error ; and secondly, because magnetism is not imme- 
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diately excited by the current, and its intensity depends on the 
strength of. the current, and is therefore never quite constant. 
The interval of time that parses after the commencement of the 
current before the armature begins to move is, therefore, not 
always the same, and, moreover, the duration of the movement 
itself vai'ies. 

This determined me to propose already at that time to use 
the electric spark instead of electromagnetism for starting and 
stopping the pointer. This could be accomplished in various ways. 
The springs, through the disengaging of which the pointer was 
started and stopped, could be held back by exceedingly fine 
platinum wires, which could be successively melted by the passage 
of the sparks through them ; or this could be effected by means of 
silk threads placed in a continuous current of hydrogen, or in a 
space fiUed with oxyhydrogen gas, which would be burnt by the 
spark igniting the gas, or the levers used for starting and stopping 
the pointer could be set in motion by the direct mechanical effect 
of the explosion of the oxyhydrogen gas. 

The Royal Artillery Committee did not, however, agree to my 
proposal, as it thought the insulation of long leading wires too 
diificult to ensure, especially when the weather was not quite 
favourable. They adopted instead a method of interrupting the 
galvanic circuit by the direct action of the ball, to which I drew 
their attention at the same time that I made my own method 
known to them, and which was suggested in the firat instance by 
Himly, of Gottingen ; but they applied it in a way quite different 
from that proposed by Himly, for he intended to break the main 
circuit of a powerful galvanic battery and to divert the whole of 
the current into a branch circuit, so as to melt a fine platinum 
wire forming part of it, and thus start the pointer. The com- 
mittee, however, retained the use of electromagnetism, but wiih 
this essential difference, that the starting and stopping of the 
pointer was not to be effected, as before, by the closing of the 
cuxsuit^ but by breaking it, and thereby causing the armatures of 
the electromagnets to fall. 

The observations made in the summer of 1844 with the clock 
thus fitted up gave, on the whole, very satisfactory results, for the 
variable error seldom exceeded a few thousandths of a second. 
Nevertheless, perfectly faultless results cannot be obtained in this 
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way either, sIdcc the magnefcio force does not cease instantaneously 
or even diminish considerably on breaking the circuit. This can 
only happen in a more or less steep curve. Hence when an arma- 
ture which nearly reaches the limit of the pulling power of the 
magnet apparently falls at the moment the circuit is broken, in 
reality an interval of time must elapse before this occurs, depend- 
ing on the strength of the current, as well as on the duration of 
its action on the closed magnet. Even when the weight of the 
armature is quite equal to the pulling power, it cannot fall instan- 
taneously, since at the moment the circuit is broken the current, 
and consequently the attractive force of the magnet, is consider- 
ably increased through the mutual induction of the convolutions 
of wire. 

, Wheatstono and Breguet employ a rotating cylinder as a time 
measurer, instead of a clock, in their apparatus which has recently 
been made known. The armature of the electromagnet is allowed 
to fall direct on to the cylinder, and marks are thereby obtained on 
its outer surface, the perpendicular distance of which from one 
another measures the interval of time that has passed between the 
breaking of the two circuits. 

It is evident that a cylinder will rotate much more regularly and 
quickly when connected with a (jonical pendulum than a pointer, 
which must be set in motion suddenly and must be made very light 
and slender, so that no perceptible disturbances may be caused owing 
to its mass. As the armature falls direct on to the cylinder, one 
mechanical link between the projectile and the time measurer 
• is removed, and hence there is one source of eiTor the less. But, 
on the other hand, there are inconveniences connected with this 
apparatus which make its superiority over the one here employed 
at least very questionable ; for with it only very light armatures 
can be used, which are much more exposed than heavy ones to dis- 
turbing influences, both as regards the time they begin to fall and 
during the fall itself. But even the bghtest possible armatures 
will at the moment of impact on the cylinder cause considerable 
friction and disturb its regular motion. The cylinder must be 
very long and proportionately heavy, and its axle must have a 
corresponding thickness prejudicial to uniform and quick rotation. 
But a much more important source of error lies in the shifting of 
the cylinder or of the magnets during measurement. As this 
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shifting motion can only starfc a little before the beginning of the 
measurement, the motion of the considerable mass which then 
commences, and which can only take place at the expense of the 
velocity of rotation of the cylinder, must necessarily occasion con- 
siderable disturbances ia the regularity of the latter, which dis- 
turbances are farther increased by the considerable friction in the 
screw thread. The results of measurements made with such an 
instrument must, therefore, be very uncertain. 

But although there are great drawbacks to the employment of 
a rotating cylinder in combination with electromagnets, it would 
make a very perfect time measurer if it could be made very light 
and short, and if it rotated quite freely. 

This determined me to resume my former plan of using the 
electric spark for the measurement of velocity, replacing the dock 
by a rotating cylinder. In doing this I endeavoured to remove 
all mechanism between the ball and the time indicator, and 
to allow the spark to mark the cylinder direct. After a series 
of experiments with different metals and coverings I was led to 
decide upon a polished steel cylinder, without any covering, as the 
most suitable for obtaining a sharply defined and easily dis- 
tinguished mark by means of an electric spark. However weak 
the spark may be, it produces a sharply defined and clearly visible 
point on polished steel. It is at first discoloured with a layer of 
oxide of iron, but when this is removed by wiping, a clear spot 
becomes visible, which under the microscope appears distinctly 
sunk. 

The electrical chronoscope founded upon this principle is con- 
structed as follows : — 

A carefully made and divided steel cylinder, the centre of gravity 
of which has been exactly determined by balancing it in a bath of 
mercury, is kept in quick and uniform rotation by means of a 
conical pendulum with which it is connected by wheel work. 
An insulated metal point in communication with the inner coating 
of a charged Leyden jar is brought as near as possible to its 
periphery. Two metal wires pass in front of the muzzle of the 
gun, at a distance from each other exceeding the striking distance 
of the spark and are fastened to it, and they are connected to the 
outer coating of the Leyden jar and to the insulated cylinder 
i-espectively. 
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As the ball issues from the muzzle of the gun, it strikes the two 
wires, and its metallic mass closes the electric circuit between the 
cylinder and the outer coating of the jar, and the spark striking 
across marks the sur&ce of the rotating cylinder. Some feet from 
the muzzle of the gim a second pair of wires is placed, one of which 
communicates with the cylinder and the other with the outer 
coating of a second jar, the inner coating of which, like that of the 
first, is connected with the point A second spark will therefore 
strike the cylinder when the ball has travelled the distance inter- 
vening between the two pairs of wires and strikes the second pair ; 
and the time taken in travelling this distance is measured by the 
distance between the two marks on the cylinder. 

If the cylinder is divided into a thousand parts, and rotates on 
its axis ten times in a second, the distance of one division would 
represent an interval of 0*0001 of a second. By means of a 
vernier the tenth part of a division can be easily read with slight 
sparks, so that the accuracy of the measurement is increased to 
O'OOOOl of a second. An error in the measurement of the time is 
therefore hardly [)08sible, and could only arise from irregularity in 
the rotation of the cylinder. By a rapid rotation of the cylinder, 
however, the injurious effect of any error in the wheelwork is con- 
pensated, which would affect the cylinder if rotating slowly. As 
by this accurate measurement of the time, a movement of the pro- 
jectile of Too^^^ o^ ^ ^'^^ ^^^^ ^ ^^^^ Vi^vL the cylinder, there 
would be no necessity to measure the time occupied during the 
greater portion of the whole flight which is requisite when the 
electromagnet is used, on account of its considerable variable error. 
We thus gain in many respects ; in the first place the initial 
velocity can be directly measured, since the diminution of the 
velocity of the projectile in the first 5 to 10 feet will be hardly 
noticeable ; besides this, two consecutive short portions of the path 
can be simultaneously measured without difficulty, and the time 
register thus checked. For this purpose it is sufficient to place a 
third pair of wires in the line of fire, which like the other two is 
connected with the point and a third jar. Finally there is the 
advantage that the intervals of time to be measured are always less 
than the cylinder requires to make half a revolution. On thisaccount 
there is no necessity to shift the point or even the cylinder in order 
to ascertain the first mark or to count the number of revolutions ; 
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and it is besides nnnecessarj to make the cylinder very long, or to 
stop it after each shot in order to read the result. The point has 
only to be moved slightly in the direction of the axis of the cylinder 
after each shot, by which means the marks are brought into a new 
circle, and can easily be distinguished from the earlier ones. The 
possibility of measuring small intervals of time with exactness 
renders this instrument applicable to another experiment, which 
will be of great importance in the theory of fire-arms, namely the 
measurement of the velocity of the projectile in passing through 
the gun itself. For this purpose it is only requisite to bore holes 
in the gun at different points, and to place insulated wires in the 
holes, communicating with the outer coatings of the jar, whilst the 
gun is connected up to the cylinder. 

In making all these experiments, the measuring instrument caii 
be placed in a room close to the gun, and the latter as well as the 
leading wires can be under cover. 

There would be no diflBculty in securing the insulation of the 
wires, as in scientific experiments of this kind tolerably favourable 
weather can always be waited for. At the slight distance proposed 
the striking of each pair of wires can hardly fail to take place, and 
to secure this at greater distances a frame may be used with 
parallel wires stretched across it arranged in the line of fire instead 
of a single pair of wires ; the alternate wires would be connected 
together, so that the 1st, 3rd and oth be connected with the 
cylinder^ and the 2nd, 4th and 6 th with the outer coating of the 
jar. In this way the ball will always come simultaneously into 
contact with two consecutive wires, and the action of the spark 
will thus be assured. 

The instrument in the form described would however be hardlv 
suitable for measuring the time w^hich the shot takes to traverse 
long distances on account of the diflBculty connected with the in- 
sulation of long wires ; in this case it would be more advantageous 
to make use instead of the Leyden jar, of the induction coil, which 
could be arranged in the following manner. 

An iron core formed of insulated wires is wound with two 
covered wires, the thicker of which completes the circuit of a 
powerful galvanic battery, and is placed before the muzzle of the 
gun, whilst the ends of the second wire, which is longer and thin, 
are connected with the rotating cylinder and the point, which is. 
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brought as near as possible to the cjlinder. When the ball in- 
terrapts the circuit, a spark strikes the cylinder, and even when 
very weak and indistinct leaves its mark npon it ; the same thing 
is repeated with a second induction coil when the ball at the end 
of its path interrupts the circuit of a second batteiy. 

As the sensitiveness of the apparatus described may be consider- 
ably increased by very careful manufacture; exact division and 
quicker rotation of the cylinders, and the use of very slight sparks, 
the apparatus may perhaps be used with advantage to measure the 
velocity of electricity itself. For this purpose the cylinder must 
consist of two insulated discs or rings rotating on the same axis. 
Two points opposite to these discs are placed on exactly the same 
division line. If now one of these points is connected with the 
inner coating of a charged jar, and the connection between the two 
discs made by means of a long wire, then when the outer coating 
is connected with the second point by means of a wire of the same 
length, a spark will pass between both points and discs. The per- 
pendicular distance between the two marks gives the time the 
spark takes in passing through half the total distance. 



REMARKS ON THE ELECTROLYTIC DEPOSITION OP 

NICKEL AND COBALT.* 

Mr. Siemens has drawn attention to the phenomena presented 
by nickel^ when deposited by means of the electric current ; whilst 
the surface of other similar metallic deposits is more or less dull, 
that of nickel presents the appearance of a natural metallic polish. 
Unfortunately this lustre is only of very short duration, for if the 
coating of the deposited metal is allowed to increase in thickness, 
it is first seen to crack, and then to strip off in a number of small 
brilliant lamina which turn their convexity towards the plate of 
metal upon which the deposit has been made. Mr. Siemens has 
also pointed out that cobalt shows the peculiar property of lead, of 
being deposited in the condition of peroxide on the positive 

 Kevue sclent et indiwt. du Dr. QaesneTillo, 1846, Vol. XXVII., p. 91. 
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electrode of a cnireiity to the action of which its saline solutions 
have been submitted in such a way as to shew in it, as in the rings 
of Nobili, the colours of thin layers. Advantage might be taken 
of this circumstance in chemistry and metallurgy to separate cobalt 
from nickel, which is constantly covering the negative electrode 
with a metallic layer presenting the above-mentioned peculiarities* 



ON TELEGRAPH LINES AND APPARATUS* 

The disturbances and total interruptions of the electric telegraph 
service which have hitherto been so frequent, especially on lon^ 
lines, are due in a great measure to variations in the strength and 
duration of the electric current actuating the telegraphic apparatus, 
caused by the length of the line wires, which are exposed to dis- 
turbing influences of all kinds. There are two ways of getting rid 
of these disturbances, and so giving to the electric telegraph that 
degree of safety, rapidity and continual readiness which it should 
possess, if it is to be universally extended and applied, and is to 
perform the service which has hitherto been expected of it in vain. 
The first method is to perfect the line, and protect it as far as 
possible from the various disturbing influences to which it is ex- 
posed, whilst the second consists in so constructing the telegraph 
apparatus that considerable irregularities in the currents actuating 
them will not put them out of order. 

The first portion of the problem, or that which refers to the line, 
is the subject of the present article. 

I shall first endeavour to give a short summary of the causes of 
the disturbances which we have so often had the opportunity of 
observing with the overhead lines hitherto exclusively used (with 
the solitary exception of the new Prussian telegraph lines), and at 
the same time to explain the means for their removal which have 
lately come into partially successful use. 

Up to the present time the imperfect insulation of the line wires 
has been a special obstacle to effecting safe and direct telegraphic 
communication between the extreme points of long lines. In damp 

• PoggondorflTs Annalcn dcr Phy. il Chexn., 1850, Vol. LXXIX., p. 481. 
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weather the posts carrjiDg the wire form a connection between it 
and the earth. If the wire and earth are in circuit with a battery^ 
each damp post constitutes a shunt circuit to the battery, and 
causes an increase of current in the portion nearest the battery, and 
a reduction in the further portion of the line wire. Little trouble 
would arise from the very considerable inequality in the strength 
of the current at the two ends of the line, and in the coils of the 
electromagnets in circuit, which is often brought about by these 
means on badly insulated lines of even a few miles in lengthy if it 
remained constant, but being entirely dependent on the weather 
at different parts of the line, and consequently always varying, it 
necessarily occasions constant disturbances in the messages, and in 
the regular working of the telegraph apparatus. It has been sought 
by means of rotating telegraphs to diminish this varying inequality 
in the strength of the current in the coils of the corresponding 
apparatus by dividing up the sending battery. Although the 
object is thus partly attained, yet on the other hand, with all the 
telegraphs hitherto made there arises the still greater inconvenience^ 
that the interruption of the battery at one end of the line does not 
occasion the complete interruption of the current in the coils of 
the instrument at the other end, as the part of the battery situated 
there remains closed through the existing leaks. 

The methods of insulation formerly employed, such as dtawing 
the wire through glass or porcelain rings, wrapping it round with 
india-rubber at the point of contact, the use of a protecting roof 
above the pole, by which it was sought to insulate the wire from 
the damp pole, could only act imperfectly, for in wet weather the 
damp insulator formed a conducting path from the wire to earth. 
The glass, porcelain, or stoneware bells now used assure on the 
other hand the insulation in a very perfect degree. On the over- 
head line between Eisenach and Frankfort-on-Maine vi4 Cassel,. 
which is 42 miles long, erected by me in the winter of last year, 
l)orcelain bells closed at the top were used, which were so cemented 
to the iron stalks that the bell mouth was directed downwards ; 
the iron stalk was screwed into the top of the wooden pole, and 
the wire secured to the outer surface of the bell by winding it 
round the upper thin portion. The inner surface of the bell thua 
constitutes an insulated layer between the wire and the stalk, 
which is always dry. The insulation of this line was so perfect. 
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even during the most nnpropitions weather (oamp snow), that 
with the somewhat sensitive single-needle galvanometer used no 
current was perceptible when at one end of the line a battery of 8 
Daniell cells and the galvanometer were inserted between the 
line and the earth, and the other end of the line was insulated. 

The more perfect, however, the insulation of aerial lines is 
made, the more disturbing are the effects of atmospheric elec- 
tricity. This phenomenon is thus explained : in the case of 
imperfectly insulated lines, the charges communicated to the wire 
by the discharged strata of air surrounding it, or by the dis- 
turbing action of clouds approaching to or receding from it, can 
be got rid of by existing leaks, without passing through the coils 
of the magnets of the instruments at the ends of the telegraph 
line ; further that these charging and discharging currents also 
occur on imperfectly insulated lines during the interruption of the 
circuit at one or both ends of the line, whilst with perfect insula- 
tion free electricity accumulates in the wires during the interrup- 
tion, which on closing the circuit goes to earth through the 
magnet coils, and hence weakens the normal current of the 
battery at one end, and strengthens it at the other. In moun- 
tainous regions the free atmospheric electricity is a special cause 
of continual disturbance. 

As regards the above mentioned line between Eisenach and 
Cassel, which, following the railway, passes from the Werra to the 
Fulda Yalley, the watershed of which forms at the same time 
that of the surrounding country, a galvanometer inserted in the 
line without any battery indicates almost continuously tolerably 
powerful currents of variable strength and direction, which at 
noon in summer often become so strong and variable that the 
service of the line is thus stopped for many hours. When 
both ends of the line are insulated there is always evidence of a 
considerable chaise of free electricity. These charges become 
considerably stronger when rain or snow falls at some portion of 
the line. In the last case especially, the charge of the wire is so 
great that sparks l""* to 2™™ in length can be obtained, following 
one another in quick succession, and each time attracting the 
armature of the electromagnet. The currents produced in the 
wires by thunderstorms are yet more intense. In the summer 
months, when thunder-clouds appear in the sky, the regular 
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action of the speaking apparatus on long lines is as a rule 
stopped. These phenomena are much stronger also in hilly 
countries than on plains. The currents occurring on the dis- 
charge of clouds are particularly strong on short lines. It does 
not appear possible to explain these by the freeing of the elec- 
tricity accumulated in the wire through induction by the clouds, 
for even when the thunderstorm is some miles away from the 
line, with every flash a very strong current shows itself. It appears 
as if a portion of the current produced by the dischai'ge into the 
earth itself passes through the quicker conducting wire. 

Hardly a summer passes with a long overhead line that the 
lightning does not strike it, damaging the instruments and partly 
destroying the line. In the case of the above-mentioned over- 
head line, the lightning is successfully prevented from traversing it 
by placing pieces of metal at intervals, and especially towards the 
ends of the line, as near as possible to one another, protected by 
the interior of the bell from getting wet. One of them is con- 
nected with the line and the other with the earth. This arrange- 
ment offers to the electrical discharge a short passage to earth of 
small resistance, and hence conducts to earth the lightning 
traversing the wir§. If the masses of metal placed near to each other 
are large, and the distance between them as small as possible, they 
also serve for the discharge of the feeble charges communicated by 
induction to the wires. In this way their prejudicial influence on 
the movements of the instruments is diminished, yet a conductive 
connection between the two metal masses is easily caused by the 
frequent sparks following in quick succession between the two 
points. It is hence advisable, with overhead lines in the open, to 
use lightning conductors at intervals of the above mentioned 
kind, but with somewhat greater distances between the pieces of 
metal in order to divert powerful discharges, and to place in the 
rooms large metal plates at the least possible distance from one 
another, to render the weak charges of the line harmless. Pro- 
fessor Meissner, of Brunswick, under whose direction the tele- 
graph arrangements there are placed, has likewise brought this 
method into very successful application, and frequently observed 
that the working of the telegraphs actually in use was not 
hindered, whilst the narrow space between the plates employed 
was brightly lit up by the sparks passing between them. Although 



WERNER VON SIEMENS. 1 9 

by the precantioiig described the disturbing influence of atmo- 
spheric electricity is considerably diminished, it is not, however, 
altogether removed. Thunderstorms in particular bring with them 
temporary stoppages in the service of overhead lines. The greatest 
trouble in connection with overhead lines^ and one not easily 
removable, is due to the situation exposing them to all sorts of 
external destructive influences. As regards the line from Eisenach 
to Frankfort-on-Maine so frequently mentioned, for a long time 
almost daily breakages of the wire occurred, from malice, theft, 
accident or natural causes, and it was only by the employment of 
a strong body of watchers, placed along the whole line, that it 
was possible to maintain a certain regularity in the service by 
quickly repairing damages as they arose. 

This uncertainty of the telegraphic service with overhead lines 
was long ago the cause of a general endeavour to lay wires 
covered with insulating material below ground. The most 
extensive experiments in this direction are certainly those made by 
Jacobi* ; he first sought to insulate the wire by means of glass 
tubes, joined with india-rubber, but the tubes broke, and the 
connection was found not to be tight. Another attempt failed, 
which consisted in covering the wire throughout its entire length 
with india-rubber, as the line in course of time lost in great 
measure its original insulation. Besides, india-rubber is not 
suitable for insulating copper, because it is decomposed by long 
contact with copper, and forms a conducting connection with it. 
The Commission formerly existing in Prussia for carrying out 
tests, and for making enquiry on electric telegraphs, repeated 
Jacobi's experiments with certain modifications without obtaining 
a better result. In England and America iron and leaden pipes have 
been frequently used to protect the enclosed covered wires from the 
entrance of damp. The great expense of this method, as well as 
the difficulty of rendering these pipes perfectly water-tight, 
made it of course only available for short lines through rivers, &c. 
It appeared, farther, that the lead pipes closely surrounding the 
wire came after a time into contact with it. Perhaps the unequal 
expansion of lead and copper with variations of temperature, was 
the cause of the phenomenon. 



 Pogg. Ann., Vol. LVIII., p. 409. 



c 2 



20 THE SCIENTIFIC PAPERS^ ETC, OF 

It appeared, in fact, as though the difficulties which militated 
against the insulation of the whole surface of the wire were not to 
be overcome except at excessive cost, when a previously unknown 
material, viz., gutta-percha, appeared. I received the first sample 
of this material in the autumn of 1846, just when I was engaged 
with experiments on underground wires, and at once made use of 
it for the purpose. It turned out that even the thinnest layer of 
the material when freed from moisture possessed sufficient insu- 
lating property for the above-mentioned purpose. Besides, as 
the quality of gutta-percha of becoming plastic and sticking 
together at a moderate temperature, appeared to remove the 
difficulty of making tight joints between the separate pieces of 
the covering, I was soon convinced that this substance would 
serve to solve the above-mentioned technical problem. I there- 
fore set to work in conjunction with Mr. Pruckner, partner in 
the India-rubber and Gutta-percha goods factory of L. Fonrobert 
and Pruckner, and made further experiments in connection with 
him. The favourable results of these induced me to move the 
Commission already referred to to make comprehensive experi- 
ments in this direction. They undertook them, and entrusted mc 
>vith the direction of the w^ork of making an experimental ^^re 
of a mile in length, which was completed in the autumn of 1847. 
The insulation of the wire proved so satisfaotory, notwithstanding 
the defective methods then employed for covering it with gutta- 
percha, that the extension of the line to 2^ miles from Berlin to 
Gross Beeren was determined on. In the spring of 1848 this work 
was also completed, and the line was used for telegraphic com- 
munication between the two places ; the wire was covered in 
Messrs. Fonrobert and Pruckner's factory. For this purpose pure 
gutta-percha was used, entirely freed from water by means of 
heated rollers. The heated mass was squeezed round the wire by 
means of grooved rollers. Existing faults of insulation were 
sought for by means of Neef s inductor, and repaired by being 
covered with warmed gutta-percha strip. The insulation of each 
wire of 700 feet long was afterwards tested by means of an 
extremely sensitive galvanometer, and only taken into use M'hen 
the galvanometer inserted in circuit with 8 Daniell cells between 
the wire and the surrounding water gave no sign of deflection. 
For greater security the wire, when laid in the trench two feet 
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below the surface of the railway, was farther covered with a 
mixture of marine glue, tar and resin. The ends of the wire were 
soldered together with tin, and the soldered places also insulated 
by being covered with strips of warmed gutta-percha. The 
second coating of the wire appeared necessary, as experience had 
shown that pure gutta-percha, after lying long in water, forms a 
white hydrate on the outer surface, and hence the danger arises 
of the insulation diminishing with time. This property was 
specially observable after the gutta-percha had been lying for 
some time in seawater. In laying down some mines in Kief 
harbour in the summer of 1848, in which I was associated with 
Professor Himly, of Kiel, the wires covered with pure gutta- 
percha, which w'ere to serve for the explosion of mines of 
gunpowder lying in the navigable channel, became coated at the 
end of six months with a thin layer of white gutta-percha. The 
white colour disappeared when the wires had been exposed for a 
few days to the air. It was on this ground, and on account of 
the great hardness of the material, that vulcanized gutta-percha 
was used for all the wires manufactured later. 

Several tests of the above-mentioned line from Berlin to Gross 
Beeren made in the spring and summer of 1848 proved that the 
insulation remained perfectly good, and that the gutta-percha was 
also unaltered. As a consequence the Commission determined on 
the application of these wires on the Prussian State telegraphs, and 
the direction of the construction was given to a former member of 
the same, Regiemngs- und Baurath Nottebohm. 

The above trials had shown that the method of covering the 
wires with gutta-percha used up to that time was very faulty. The 
material rolled round the wire in the form of two small bands 
frequently did not stick well together, and channels were thus 
formed, which in course of time allowed the dampness of the 
ground to get to the wire. It also happened that after a time the 
seams lost their original adhesiveness, and could be easily separated 
from one another, and thus the permanent insulation of the wires 
became endangered. I therefore, conjointly ^vith Mr. Halskc) 
designed a machine, by means of which gutta-percha was continu- 
ously passed round the wire without any seam. It consists of a 
cylinder filled with heated gutta-percha, prevented from cooling 
by means of a steam jacket. A powerful screw, to which a steam 
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engine gives a slow forward motion, forces a suitable die down 
into the cylinder. The bottom of the cylinder is closed by a 
rectangular hollowed out metal piece^ the hollow of which com- 
municates with the inside of the cylinder. This metal piece has 
nine perpendicular holes bored through it, lying near to each other 
in a straight line. The diameter of the holes on the under side 
of the metal piece coincides with the thickness of the wires to be 
covered. The plastic material forced with great pressure into the 
cylinder fiUs the inner space of the metal piece described, and 
squirts out through the holes formed in it. The wires pass through 
the lower narrow holes into the space filled with gutta-percha, and 
come out covered with gutta-percha through the upper wider ones. 
They are then carried straight up high enough for the gutta- 
percha during its passage to cool sufficiently, and are then wound 
on drums. The later operations of testing for faulty places, and 
testing the insulation of the completed wires have already been 
described. The second covering of the wires when laid in the 
trenches as originally practised was not necessary with vulcanized 
gutta-percha, because this material has not the quality of changing 
into the hydrate. In jact the wires laid in the ground one and a 
half years ago without a second covering still remain entirely 
unchanged, and cannot be distinguished from newly made wires. 

Wherever the wire cannot be covered with at least two feet of 
earth, it is protected by iron tubes from external injury. This 
occurs specially in passing over bridges, and in leading the wires 
into stations, etc. In order to give those engaged on the work of 
laying the wire, an opportunity of always satisfying themselves 
that the wire has not been injured in the operation, a clockwork 
is arranged at the end from which the work starts, which periodi- 
cally interrupts and restores communication between the conducting 
wire and the earth. By inserting a galvanometer and galvanic 
batteiy between the wire and earth, the quality of the wire so 
&r as laid can be concluded from the deflection of the needle, at 
the place where the work is going on. 

Notwithstanding all the caution employed, it frequently happens, 
however, that the covering of the wires receives slight injuries in 
transport or in the work of laying. Such damage as consists of 
fine incisions, rents, or rubbed off places, cannot be directly 
discovered and repaired, especially when the work is executed in 
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dry weather. Hence^ after a certain time, when through heavy 
rain the earth snrroonding the wires becomes saturated, the line 
must as a rule be tested, and existing leaks sought put and repaired. 
It sometimes, though seldom^ happens with old lines that by 
careless digging the covering of the wire is damaged or even the 
conductor itself is destroyed. 

The following is the process I employ for searching for damaged 
places in the line. 

If the conductivity of the wire itself between two adjoining 
telegraph stations is not interrupted, but its covering is damaged 
somewhere, the site of the injury can be ascertained approximately 
by calculation. 

We may assume as known or previously obtained by ezperiment 
the length of the wire between the stations from which the site of 
the injury has to be ascertained ; the resistance of the battery 
made use of, and of the two galvanometers used for the measure- 
ment, the readings of which must be comparable ; the resistance 
of the wire which is in conducting connection with the corre- 
sponding earthplates, placed in water or damp ground, and the 
surface resistance of the fluid layers surrounding these plates. 

All resistances are expressed in terms of the resistance of the 
wire. 

Let X and y be the resistances of the portions of the conducting 
wire from the extremities A and B to the fault ; m the reduced 
siun of the resistances of the galvanometer and battery inserted at 
A, of the connecting wire with the earth plate, and of the above 
defined surface resistance of the plate ; n the same sum for the 
end B of the conductor. 

Further let z be the resistance to the passage of the current 
from the uncovered portion of the wire to earth, or the resistance 
of the £a,ult. 

Lastly, let a be the measured or calculated strength of the 
current from the batteries at A and B, each of which has the 
electromotive force ^, passing through the uninjured conductor, 
»[ the measured strength of the current from the battery inserted 
at A, when the conductor is insulated at B, s" the strength of the 
current measured at B, when on the other hand, the conductor is 
insulated at A, then — 



X'\-y + m'\-n ' m+x-^z ' n+y+z 
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From these three equations by elimination of b and z we obtain — 
s . «' (aj + y + m+n)— 2«' . «" (m + a;) = 
« . «' (rr + y + w + n)— 2«' . «" (« + y) 

whence -^— = --, ^, „ ,-. 

y + n 2« « -5 . s +« . « 

As the sum ^ + y, being equal to the length of the line, is 
know'n, this equation gives directly the position of the fault. 

In making the measurements of the strengths of current at A 
and B, the precaution must be observed of always joining up the 
batteries between the conductor and the earth plate, so that the 
considerable polarization of the wire at the fault shall be in the same 
direction, and of taking the first reading when the polarization 
has reached its maximum, and the deflection of the needle has 
hence become as constant as possible. 

Another way of testing the position of a fault gives more exact 
results ; by this method polarization is much less troublesome, 
and it is independent of the electromotive force of the batteries 
employed. 

Let the letters x, y, m, n, and z have the same meanings as 
given above. Further let b and fl be the strengths of the current 
measured at A and B, when the battery is inserted at A, whUst 
that at B is replaced by a metal wire of the same resistance, and 
connection is made with the earth plate. 

Further let <r and <t be the strengths of the current simul- 
taneously measured at B and A, when the battery at B is inserted 
and the one at A replaced by an equal resistance ; then as in the 
branch circuits the strength of the current is inversely as the 
resistance of the branches, 



,' — h 



.», whence 1 = ^+-"-+^- 



y + 7i + z s z 

or V- = 'V • . . . (1) 

Further, for the same reason, 

i z 
a = . o" 

x + m-\-z 
and also ___=__ ^ ^ ^ • (2) 
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Dividing equation (2) by equation (1) gives — 

y + n ""(«-«') o 

from which the fault can be localised. 

It is hardly necessary to mention that the formula just given 
for determining the position of faults in lines are only applic- 
able when there is only one such place between the points from 
which the measurement is taken. 

It can easily be proved whether this is so or not by repeating 
the measurements, with a known resistance inserted at one end of 
the line, as calculation will give the same position of the fault, 
only when one leak exists. By the usual method of inserting 
known resistances, and repeatedly measuring at the same time 
the strengths of the current at the two ends of the conducting 
wire, the necessary data are obtained for the simultaneous deter- 
mination of the position of two or more leaks, and the control of 
their correctness ; but the formulae are too troublesome for practical 
application, and their liesults uncertain. It is therefore as a rule 
more judicious where the existence of several faults is to be inferred, 
either to undertake the same determinations for certain sections 
of the line, or to seek out the faults directly by the method of 
continual division described below. 

As regards the constants denoted by m and n, it may be 
mentioned that they can be altogether neglected in the approximate 
determination of the position of a fault in an extensive telegraph 
line, which is here principally contemplated, without great prejudice 
to its accuracy, when large earth plates lying in water and a 
battery and galvanometer of low resistance are used. With earth 
plates lying in damp ground, the resistance to the passage of elec- 
tricity from the plates to the earth which serves as an unlimited damp 
conductor, is naturally immensely greater, yet when at both ends 
there are similar and similarly situated plates, half the measured 
earth resistance may be assumed for each without harm Other- 
wise the surface resistance must be determined for each separate 
plate, with the help of a third, lying sufficiently removed from both. 

In order to find out faults existing in the covering of the wire 
as quickly as possible by continual division of the line, I proceed 
in the following manner : — 
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The ends of the line are insnlated. The workmen engaged in 
the determination and repair of the faults are fumishdd with a 
safficiently sensitive galvanometer, a portable battery, and a metal 
plate. By catting the wire at a chosen spot and inserting the 
galvanometer and the battery between one end and the earth, they 
learn in which portion of the line the fault is to be sought. If 
only one fault exists, and its position is approximately obtained by 
calculation, they make the first trial at the calculated place. They 
join up and insulate the wire again, as formerly described, make a 
second similar test at a certain distance from this spot, continuing 
until they have passed the fault. They then halve the piece of 
wire between the two last places and so forth until the fault 
is limited to a few yards. This piece of wire is then laid bare, and 
the fault found in it repaired. To make the wire more easy of 
access for this test, new lines when laid down are covered with a 
flat stone, exactly opposite to each station stone of the railway, 
over which the earth is filled in. Skilled workmen only require 
a few minutes to apply such a test, the repair of the faulty 
conductor is therefore very quickly effected. 

If the probable position of the &ult cannot be settled by 
calculation, the workmen must make use of the railway trains to 
find between which stations the fault is to be sought The time 
the trains stop is quite sufiUcient for the application of a test, and 
the first approximation is quickly made. In ten to fifteen trials 
the fault is discovered, even in unfavourable cases. If the workmen 
can employ a trolly to travel more quickly, a few hours sufSce for 
finding out and repairing the fault between two railway stations^ 
or say a distance of two or three miles. 

If the conductor is itself interrupted, its repair by means of the 
division method described can be accomplished even more quickly, 
for it is unnecessary to cut the wire. One end of the wire is 
insulated, and between the other end and the earth a strong battery 
inserted. The workmen need now only lay bare the wire, and 
stick a fine needle through the gutta-percha, so that the end of it 
is in metallic connection with the conductor. They then know by 
touching the needle with the tongue, whether the wire between the 
test place and the inserted battery is interrupted or not. If the 
needle is sufficiently fine, the hole completely closes of itself. In 
other cases the outer covering of the gutta-percha must be some- 
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what heated to close the opening. The examination can thas 
proceed in many places simnltaneouslj, and can therefore be very 
qaicklj completed. 

The insulation of the condactor is now effected very perfectly. 
In newly established lines the leakage current must not amount in 
a ten-mile conductor open at the other end to more than 2\ per 
cent, of the current with closed circuit ; the reduced resistance of 
the leakages allowed in a length of a mile must thus correspond 
to that of a line about 400 miles in length. Such a leakage is 
quite harmless even to the most sensitive apparatus, for it is con- 
stant and not always varying, as with overhead lines. As under- 
ground lines are, besides, almost altogether protected from the 
disturbing influences of atmospheric electricity by the conducting 
layer of earth which covers them, there only remain as variable 
elements the currents circulating in them owing to the discharge 
of the clouds surrounding them, and those induced in them by 
variations of the earth^s magnetism, (only of importance during 
aurorse), which could disturb the regular service of the telegraphic 
apparatus employed. As these currents, however, pass through 
the whole line at a constant strength, they can be rendered harm- 
less, as will be shown further on, by a judicious construction of 
the apparatus. Underground lines are further, owing to their 
position, protected from destruction through malice, theft, flashes 
of lightning, and accidental occurrences of all kinds. So far as 
experience goes, their durability may be considered as unlimited ; 
whilst overhead lines require to be renewed every ten to fifteen 
years, because the wires become brittle or rust, the poles rot, and 
the insulators gradually break. At present the cost of underground 
lines does not exceed that of solidly built overhead lines, and may 
possibly be considerably diminished. At the present time quite 
400 miles of underground lines are in constant use. Underground 
lines offer many interesting phenomena, to which I shall refer 
when their examination is concluded. One of them, which at 
first rendered the application of these lines specially difficult, is 
that the insulating covering of the wire forms a colossal'Leyden jar. 
The wire and damp earth form the coatings of this, and it is chained 
by the batteries inserted between them. With long lines these 
currents produce strong mechanical effects, the intensity of which 
is nearly proportional to the length of the wire and the electro- 
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motive force of the battery employed, and increase with the more 
perfect insulation of the wire. These charging and discharging 
currents must not be confounded with polarization currents. On 
this assumption not only are the almost miraculous properties which 
underground wires exhibit in practical use completely explained, 
but by their help there has been such success in completely 
governing and usefully employing them. I shall frequently 
return to this in describing the apparatus I have constructed. 

One of the most remarkable properties of underground lines is 
that the apparatus wiQ work quite as quickly with a feeble battery 
as the overhead wires with a much stronger one, although the 
conductivity of the underground wire is one-fourth less. It is not 
difficult to account for this circumstance when the above defined 
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charging cuiTcntfi are taken into consideration, namely, that the 
electricity of the battery which is bound up in the wire is dis- 
tributed over the whole surface, so that only a small portion of it 
has to overcome the total resistance of the wire. 

If the resistance of the battery employed is veiy small compared 
with the resistance of the line, the potential of the pole connected 
with the conducting wire remains unchanged when the other end 
of the wire is connected to earth. 

If in the above figure a c represents the conducting wire, a b 
the potential of the battery inserted between a and the earth, and 
c is connected to earth ; and if b and c are joined by a straight 
line, the potential and therefore also the charge at each point of 
aciB measured by the ordinates between a c and b c. 

The area of the triangle abc represents the amount of charge. 
If a battery of the same strength is also inserted at c between the 
wire and earth, so that both batteries are joined up in series, the 
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line c d represents the potential at the point c^ and l d the curve 
of the potentials of the wire. The uniformly cylindrical wire is 
therefore charged with positive electricity from a to the centre e^ 
and with negative thence to c. If the wire is disconnected from 
the battery simultaneously at a and c, the charges of opposite 
electricity in the wire equalise each other. If the connection is 
simultaneously restored, at first there is a current of greater 
strength, because the charging currents have to overcome a con* 
siderably smaller resistance. By the quick succession of breaks 
and mf^es, which take place in telegraph apparatus, it is clear 
that the batteries employed give a greater mechanical effect with 
underground lines. 



MEMOIR ON THE ELECTRIC TELEGRAPH.* 

THEobject of this memoir is to make known the electric tele^ 
graph systems which I have invented. These have been adopted 
by the Prussian Government from the commencement of 1848, 
and have since come into almost general use throughout the whole 
of the north of Germany. 

Every electric telegraph consists essentially of two parts, viz., 
the conductor and the apparatus intended to transmit and receive 
signals. I shall consequently divide this memoir into two 
chapters, the first treating of the setting up of the line, and the 
second of the construction of the apparatus. 



Chapter I. 

1. ON THE SETTING UP OF THE TELEGRAPH LINE. 

General Bemarks, — AU who hare been engaged in the practical 
application of the electric telegraph will readily agree that the 
vast majority of the disturbances to which electric telegraphs are 
subject arise from variations in the strength of the currents 

* Presented to the Academie dcs Sciences, 15 April, 1850. 
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employed. The cause of these variations is to be found either in 
the source of the currents or in the variable state of the conductor. 
The first of these disturbing causes can easily be eliminated by 
making use of constant sources of electricity. In this respect I 
shall content myself with remarking that I give the preference to 
the Daniell battery. As regards the disturbances due to the 
variable conditions of the line itself, three classes may be 
distinguished: — 

1. Losses of electiHcity due to defective insulation of the conducting 
wire. — ^When the conducting wire is not well insulated, owing, for 
instance,' to the dampness of the posts and of the intervening 
insulators, each current passing from the wire to the ground gives 
rise to a derived current, which returns to the battery without 
reaching the other end of the line. The strength of this current with 
respect to other similar derived currents, and to the main current, 
is in the inverse ratio of the resistances of the different derived and 
main circuits. It results from this that the 8ti*ength of the current 
is increased at the battery station, and diminished at the opposite 
station. The action of the apparatus having naturally enough 
been generally adapted to the strength of the current at the first 
station, the increase of strength at this station has not hitherto 
attracted the attention of engineers. On the contraiy, attention 
has been rather directed to the diminution of strength at the 
opposite station, which was the cause of the apparatus not work- 
ing, and hence arose the name of losses, by which it has been 
usual to denote the effect (most striking at first sight) of the 
imperfect insulation of the wire. 

It appears, indeed, as though the inconvenience resulting from 
these losses might be guarded against by adapting the action of 
the apparatus to the strength of the currents arriving at the 
distant station. The plan would be a good one if the losses 
always took place at the same points of the line, and if their 
sum were constant for each point ; but as the insulation of 
different parts of the wire of overhead lines is absolutely dependent 
upon the state of the atmosphere in the neighbourhood of these 
parts, it can be seen that the expedient in question would be quite 
ineffectual. 

2. Disturbances by atmospheric electricity. — ^There is, however, a 
perfectly effectual means of preventing the losses referred to. 
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This meaiiBy employed on many of the old tel^raph lines of Ger- 
many, consistB in winding the wire ronnd the neck of a sort of 
bell made of glass or porcelain and fixed on the top of the poles, 
80 that the insulation is effected by the inside of the bell, which is 
always under shelter and therefore dry. But in proportion as a 
reduction of these losses and inconveniences is effected by this 
means, another kind of disturbance arises of a not less serious 
character, the cause of which must be sought in the variable 
influences of atmospheric electricity. Experience, indeed, has 
proved three distinct kinds of disturbance of this nature. The 
first comprises continuous currents of variable strength and direc- 
tion, which occur in fine weather, and especially in hilly country. 
In mountainous countries and at certain hours of the day these 
currents, the cause of which is very obscure, attain so great a 
strength as to oppose an insurmountable barrier to the working of 
the apparatus. The second kind of disturbance is produced by 
the motion in the neighbourhood of the wire of clouds charged 
with electricity. In these motions the inductive charge of the 
wire happening to change, currents are also observed, which in 
stormy weather, and especially when rain or snow falls at one of 
the extremities of the line, become strong enough to interrupt the 
service. As regards the third kind of disturbance, it is such as 
arises in stormy weather from actual discharges of atmospheric 
electricity, which strike the wire and apparatus, and indepen- 
dently of this havoc, endanger the health and life of the persons 
on duty. 

The disturbances due to atmospheric electricity diminish as the 
insulation becomes less perfect, because at the time when the 
apparatus is at work and the circuit is not closed, the charges and 
discharges of the wire take place at the points of derivation 
occurring in its length, so as to free the apparatus of a portion of 
the extra currents ; but evidently from what has preceded it is 
always necessary to choose between the inconveniences arising 
from this cause and those resulting from losses of electricity. 

3. Disturbances due to breakages of Uie wire arising either acci- 
dentally or maliciously. — I think I may limit myself to simply 
pointing out this third class of interruptions to which, as everyone 
knows, overhead wires are so subject, on account of their exposed 
situation. These disturbances render the use of electric telegraphs 
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insecure jnst when thej are called upon to render the most 
important services. 

Oeneral considerations regarding overhead and underground 
lines. — ^AU these combined inconveniences having occurred quite 
early iii the use of overhead wires, it is natural that to obviate 
them the idea soon arose of placing the wires underground. In 
fact, there is no necessity to point out to what an extent the 
safety of the service has been increased by this means, under- 
ground wires being almost entirely secure from accidental 
injuries and those arising from malice. In the same way it may 
be seen that the existence of a layer of damp, and therefore con- 
ducting, earth of greater or less thickness, which covers them, 
secures underground lines from injury by lightning and other 
sources of atmospheric electricity, which, although less violent, are 
even more prejudicial to the safety of the service on account of 
their greater frequency. Unfortunately, in opposition to these 
indisputable advantages, there has arisen from the very beginning 
the apparent impossibility of obtaining a sufficiently perfect 
insulation of underground wires. Hence since the origin of the 
electric telegraph numerous efforts have been directed to this end, 
which for the most part have been ineffectual. The difficulty has, 
however, been completely overcome in the end, and I shall now 
proceed to trace in a few words the history of this important 
advance in electric telegraphy. 

History of tlie invention of underground lines, — Mr. Jacobi, of 
St. Petersburgh, is the first who occupied himself successfully with 
the laying of underground lines. For this purpose he first tried 
to place the wires in glass tubes joined end to end ; he then 
sought to cover them with india-rubber in narrow strips, which 
he wrapped round them. But both ways proved unsuccessful. In 
England and in the United States of America tubes of cast iron 
or lead were used for short lines, to protect the coating of 
varnished cotton with which the wires were covered, against the 
dampness of the soil ; yet a sufficient degree of insulation was not 
attained. 

Things would doubtless have remained in this state for 
a long time if at this period industry had not been enriched 
with a new material, the insulating power of which is only 
equalled by its wonderful aptness for being formed into the 
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moBt various shapes nnder the inflnence of heat. It is easily 
understood that I refer to gutta-percha ; and, in fact, no sooner 
had I tested the iSrst samples than I felt sure of the advantage 
that would be derived from the use of this substance in solving 
the problem of underground electric conductors. 

It was in the autumn of 1846 that I began my experiments. 
In the spring of 1847 they were snflBciently advanced for me to 
propose to the Berlin Electric Telegraph Commission the adoption 
of a system of underground wires based on the use of gutta-percha 
as the insulating coating. The Commission entrusted me with 
the construction of an experimental line of 2^ German miles 
(about 19 kilometres) in length in the neighbourhood of Berlin ; 
and this first attempt having succeeded, the Commission in the 
spring of 1848 definitely adopted my system on the telegraph 
lines to be carried out over the whole extent of the Prussian 
monarchy^ with the exception of those portions only where neither 
main roads nor railways existed. 

Dating from this period, seven great underground telegraph 
lines have been established in Prussia for the service of the State, 
the greater part under my direction. These lines actually repre- 
sent a total length of 300 Grerman miles (about 2,500 kilometres). 
At the end of this summer (1850) this length will be more than 
doubled by the construction of new lines for the State and for 
railways, in addition to which the Austrian and Saxon Govern- 
ments have also adopted my system of underground conductors 
for their telegraph lines. 

Manufacture of gutta-percha covei'ed wire. — ^The copper wires 
used are from l-9°*"» to 2*5°™ in diameter. They are covered 
with a layer of vulcanized gutta-percha of the same thickness 
08 the wire, perfectly continuous, and above all without longi- 
tudinal joints. The following is a summary of the process 
employed for covering the wire with gutta-percha. 

A metallic box in the form of a parallelepiped is perforated on 
one of its faces with a series of holes of the diameter of the bare 
wire, and on the opposite face with a corresponding series of holes 
of the diameter of the covered wire. The bare wires are passed 
through the corresponding holes in such a manner, however, as 
always to pass through the centre of the large holes. The box is 
filled with vulcanized gutta-percha in the plastic state, and 
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sufficient pressare is applied to canse it to pass out by the annular 
orifices between the bare wire and the wall of the box in which 
are the larger holes. In passing oat by these orifices, the plastic 
mass adheres to the wire, and is drawn along with it in its 
passage, covering it with a coating of equal thickness through- 
out. The factory of Messrs. Fonrobert and Pruckner at Berlin 
(up to the present time the only one engaged in this industry) 
turns out daily about 40 kilometres of gutta-percha covered wire. 

MeUiod of ascertaining the insulation of the wire. — ^Whatever 
precautions may be used in the manufacture of the wire, it still 
happens at times that there are points where, owing to a slight 
iault in the continuity of the covering, principally due to the 
presence of small bubbles of air compressed in the plastic mass, 
the insulation is found to be more or less defective. Before using 
the wires it is, therefore, necessary to try and remove these imper- 
fections. This is done in the following manner : — 

The workman holds with one hand one end of an induction 
coil, of which the other end communicates with one extremity of 
the wire. The whole length of the wire is passed successively 
through a tub filled with acidulated water, in which the workman 
has his other hand plunged. Induction currents are continually 
produced by the action of Doctor NeePs apparatus with vibrating 
tongue. As soon as the wire, in passing through the tub, arrives 
at a break of continuity of the covering, the acidulated water 
closes the circuit by coming in contact with the metallic wire, and 
the workman receives such sharp shocks as could not escape the 
attention even of the dullest. 

As soon as the defects of insulation shown in this way have 
been removed by means easily conceived, the wire is submitted to 
a last test, which consists in simultaneously immersing its whole 
length (the two ends excepted) in a tub of acidulated water, 
which is connected to one end of an astatic galvanometer of 
12,000 turns, the other end of which is connected through a 
battery of 8 Daniell cells with one end of the wire. The least 
defect of insulation still existing in the wire is at once shown by 
the deflection of the galvanometer needle. 

Ths laying of underground lines. — The wires are placed, without 
any artificial bed, in an open trench on the level of the railway at 
a depth of 0*8 metre. Care is taken to solder the ends of each 
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300 metres length of the wire, and to surround the soldered joints 
with gutta-percha. Bridges are crossed by means of iron tubes. 
Similar conduits are also used wherever, owing to special circum- 
stances, it is requisite to place the wire close to the surface of the 
ground. If water has to be crossed where there are no bridges, or 
where there are only drawbridges, the same practice is followed, 
only the tubes are joined at their extremities, reminding one of 
the submerged '' lobstertail " aqueduct of the Ulustrious Scotch 
engineer. 

Method of tssting (lie insulation and eoniinuUy of ih$ wire. — 
As the wire is exposed to many risks of accident it is necessary to 
make sure from time to time, during the progress of the work, 
that there is no break of continuity, either of the conducting 
wire or of the insulating covering. This is easily done, as 
follows : — 

At the station where the laying of the wire begins, clock-work 
mechanism is placed, which, every two minutes, connects the end 
of the wire for a few seconds with the earth. Each time the 
workmen reach the end of a coil, they make a permanent con- 
nection between its free extremity, a galvanometer, a battery and 
the earth. If the conducting wire is intact, the needle is deflected 
every two minutes, and if the insulation is perfect, it should 
during the intervals retmn to zero. 

Method of localizing a break of continuity^ whetlier of the insu- 
lating covering or of the conducting wire. — Notwithstanding all 
these precautions it may happen that faults of insulation or con- 
duction more or less considerable may develop in course of time 
on an underground line most careftilly laid down at first. 
These may either be breaks in the covering, made 
in transport, or in the laying of the wire, which 
give access gradually to the moisture of the soil, or injuries 
caused by the pick-axes of workmen working carelessly on the line 
of railway in the neighbourhood of the wire, or injuries caused 
maliciously. The last two causes may even bring about a total 
rupture of the wire. It is therefore necessary to find means of 
discovering, as quickly and as easily as possible, the exact locality 
of both kinds of injury. 

As regards faults of insulation, the operation may be much 
abridged by means of a formula I am about to indicate. Let A 
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and B be the telegraph stations, between which there is a fault in 
insulation. We will call A and B the ends of the wire which are 
at the stations A and B respectively. Also let a and h be the 
resistances of the wire comprised between the stations A and B 
and the point of injury, a and ^ the resistances opposed to the 
current in passing from the wire to the ground through the metal 
plates buried at the stations A and B, and y the resistance to the 
current in passing from the wire to the earth at the fault. Then 
if the end B of the wire is put direct to earth, and the end A 
through the medium of a battery, and if 8 and s are the strengths 
of the currents measni'ed at A and B by means of comparable 
galvanometers, we shall have 



whence is obtained — 



*'~(& + /3 + y) 



& + 3 8 8' 
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Now reverse the connections so that the extremity A communi- 
cates directly with the earth, and the extremity B with the battery. 
On passing the current through the wire in the opposite direction, 
so that the polarization at y may have the same value as before, and 
calling tr and ^' the new strengths of the current at A and B, wc 
shall have this time — 



By dividing the second equation by the first, y is eliminated, and 
wc have — 

a + a_((r -tr) 8* 
b + p'"(8-s') tr 

from which may be deduced the ratio of a and (. In this formula 
the resistance of the battery has not been taken into account, but 
on telegraph lines of any considerable length this resistance is so 
small compared with the other resistances that it may be neglected 
>nthout inconvenience. The same consideration will almost 
always apply to the constants a and /3^ whose sum amounts to 
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what is usaally called the resistance of the earth, otherwise it will 
be necessary to determine a and /3 by preliminary experiments. 

Although measurements of this kind are necessarily very im- 
perfect, still the formula I have just given serves to determine the 
position of a break in the insulating covering within a hundredth 
part of the length of even short lines, which are otherwise well 
insulated. In this way it is possible at least to discover between 
which two stations on a line of railway the fault exists. To 
localise the fault within narrower limits, it is necessary to proceed 
in the following manner. 

The ends A and B of the wire being insulated, the wire is cut 
at a spot midway between the two stations on the railway, and the 
two ends are connected successively with earth through a. battery 
and galvanometer of suitable sensitiveness. Evidently the fault 
will be found on that side of the cut on which a movement of the 
needle is observed. Hence the length of the wire which contains 
the fault is reduced by one-half. After ha\'ing repaired the wire, 
the same operation is repeated at the middle point between the 
new limits, and so on. Twelve such bisections between two rail- 
way stations of the average distance in Germany (20 kilometres) 
suffice to localise the position of the fault within a few metres. 
Then there is nothing to do but to dig up that length of the wire, 
and to repair the covering by suitable means. 

To determine the place of rupture of the metallic conductor, a 
battery is set up connected with the wire at one of the telegraph 
stations and earth respectively. To ascertain whether the circuit 
is perfect between a given place and the battery, a needle may be 
plunged into the insulating covering till it touches the metallic 
conductor, and by applying the tongue it is easy to recognise the 
presence of the current by the peculiar taste which is noticeable. 
Although this method suffices, of course use may be made of a 
galvanometer. 

If care has been taken during the laying of the line to 
establish at different parts points of easy access to the under- 
ground wire, and if the men are carried by means of a trolly to 
hasten their travelling, two hours suffice to renew the insulating 
covering of the wire, on a length of 20 kilometres. 

Cost of underground lines. — The price of gutta-percha covered 
wire, as used on the Prussian Government lines, is at Berlin about 
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400 francs per kilometre weighing 50 kilogrammes. For railway 
telegraph lines it is sufficient to use a wire which does not weigh 
more than half this, and which does not cost more than 200 francs 
per kilometre. Laying the wire in North Germany costs fix)m 80 
to 100 francs a kilometre, an expense which should, however, be 
distributed equally oyer the number of wires laid at one time. 

Advantages of underground wires. — The expense then of under- 
ground wires when laid generally exceeds that of overhead wires. 
Besides this objection another may be mentioned, namely, that 
to lay additional wires on a telegraph line already existing a 
new trench has to be dug along the whole length of the line, 
whereas, in the overhead system, the same posts serve to increase 
at pleasure the number of suspended wires within certain limits. 

Notwithstanding this, the advantage, as will be seen, is decidedly 
in favour of the underground system, even in point of cost. 

Overhead lines are always subject to two causes of deterioration 
which necessitate their renewal at longer or shorter intervals of 
time. One of these causes is found in the rotting of the posts con- 
tinually exposed to all the variations of weather ; the other in the 
molecular change which occurs in the wires, either owing to the 
incessant transmission of electric currents, or to the strain to which 
they are submitted, and the vibrations resulting with every current 
of air. Owing to this alteration, the wires become brittle after a 
certain time even to the point of breaking with slight gusts of 
wind, especially during severe cold. This accident happening 
almost daily at different points of an extensive line renders a 
renewal of the wires indispensable. 

Underground wires on the contrary, during the three years they 
have been laid, have not yet sustained the least appreciable alter- 
ation on their sur&ce, from which it may be concluded that an 
almost indefinite period would pass before any alteration 
with which they might be threatened would affect the metallic 
wire. They are not liable to breakage, even when they have 
become brittle by the effect of the transmission of currents, because 
they are not subjected to any mechanical strain. The continuance 
of the service on underground lines being thus assured, whilst that 
of overhead wires is confined within narrow limits, it is evident 
that in the long run the former are cheaper than the latter. 

As regards the safety of the service, it is evident that the same 
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injnrieSy which affcer a certain time make the renewal of overhead 
lines abeolately necessary, commence by afiPecting the regnlarity of 
the communications, and that on this account underground lines 
offer very superior security ; whilst overhead lines are exposed to 
all kinds of accidents, as well as malicious attacks, underground 
lines, almost entirely sheltered from the former, easily escape also 
the latter, although the route they traverse along the railway lines 
and main roads is known to aggressors. Further, although the in- 
sulation of underground wires is perhaps never so perfect as that 
of overhead lines, suspended by means of insulators under favour- 
able atmospheric conditions, it is on the other hand quite exempt 
from the vicissitudes to which the insulation of overhead lines is 
Eo subject. Now, as was said at the beginning of the chapter, that 
is exactly the essential point. Therefore it is almost as frequent 
an occurrence to find electric telegraphs on overhead lines rendered 
useless from the effects of a heavy summer shower, or a good fall of 
snow, as was formerly the case with visual telegraphs. Under- 
ground lines, on the contrary, do not even offer traces of similar 
influences, and work in all weathers, summer and winter, with the 
regularity which was formerly hoped for from electric telegraphs, 
a hope to which the system of overhead wires has so little responded. 
Besides, as might have been expected, the working of undergroimd 
telegraphs has been very seldom impeded by the influences of 
atmospheric electricity, the third great class of disturbances, which, 
as seen above, cofnpletes the embarrassment which endangers the 
security of the telegraphic service with overhead lines. Neither 
currents of atmospheric electricity with a clear sky, nor currents 
induced by the motion of electric clouds, nor yet sudden and 
injurious discharges during stormy weather, have any effect on 
underground lines, on account of the conducting bed of moist earth 
which covers them. For underground wires, in fact, the only dis- 
turbances that remain are currents arising from the return shock, 
which occasionally happen in the circuit in stormy weather or at 
the moment of a heavy discharge. 

Remarkable phenomena presented by underground conductors. — 
The following is a very remarkable phenomenon which may con- 
stantly be observed on long well insulated telegraph lines. Suppose 
the extremity B of the wire to be insulated, and that the other end 
A is connected up to a battery, the other pole of which is to earth. 
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At the moment of making connection, a current of short duration 
is observed in the parts of the wire which are not too far distant 
from the battery in the direction of the instantaneous current which 
would occur, if the circuit were closed by connecting the extremity 
B with the earth ; with perfectly insulated lines there remains no 
trace of this current. By suddenly replacing the battery by an 
inactive conductor, by means of a switch^ a second instantaneous 
current is obtained, almost equal to that of the former in intensity, 
but this time in the opposite direction. Afterwards breaking all 
connection with the battery and earth at the A extremity, so as to 
keep this end insulated and connecting B with earth at the same 
instant, an instantaneous current is again observed of almost equal 
strength, and in this case again in the direction of the former, 
that is to say, of the continuous cnrrent of the battejy on closed 
circuit. This last experiment can of course only be made when an 
undergi'ound line with a double conducting wire can be employed ; 
then the extremities A and B of the wire are supposed to be at the 
same station, the corresponding extremities of the double wire, at 
the opposite station, being joined up end to end, and insulated 
from the earth in such a manner as to form only a single circuit. 

Taking into consideration only the direction of the currents, one 
might at first sight be inclined to assume that these phenomena 
are due to secondary polarities developed in the wire. But there 
are many facts opposed to this opinion. 1 . The better insulated 
the wire the more decided are the phenomena. 2. The cun'ents 
are of much shorter duration than those due to secondary polarities. 
3. The strength of the currents is proportional to the force of the 
battery, and independent of the strength of the derived current, if 
such existed in consequence of imperfections in insulation ; it 
follows that the strength of the instantaneous currents may much 
exceed the maximum to which the strength of the current due to 
secondary polarities rises in the same circuit. 4. Finally, the 
strength of the instantaneous currents is proportional to the 
length of the wire, whilst an inverse relation should hold good if 
these currents were due to the discharge of secondary polarities. 

Hence there is no use thinking of explaining the phenomenon 
by means of these polarities. But it may be very easily understood 
by recalling the beautiful experiment by which Volta furnished 
the most striking proof of the identity of voltaic and static clec- 
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tricity. The physicist of Como showed that by coanccting one of 
the terminals of one of his batteries with the earth, and the other 
with the internal coating of an uninsulated Leyden jar, a charge 
proportional to the strength of the battery was produced almost 
instantaneously in the jar. There is observed at the same time in 
the conductor, between the battery and internal coating, an in- 
stantaneous current, which, according to Ritter, offers all the 
properties of an ordinary current. 

Besides, it is evident that the underground wire, with its insu- 
lating covering, may be exactly compared to an immense Leyden 
jar. The glass jar is the gutta-percha covering ; the internal 
coating the surface of the copper wire ; and lastly, the external 
coating, the damp soil, which acts in this case like the hand in the 
frst experiment of the canon of Danzig. In order to form an idea 
of the capacity of this new kind of condenser, it is only necessary 
to remember that the surface of the wire is equivalent to about 
seven squai«e metres per kilometre. 

By connecting one end of the wire to a battery, of which the 
other terminal is connected to earth, whilst the other end of the 
wire is insulated, the wire must take a charge of the same sign 
and potential as the pole of the battery which it touches. This is 
what occurs in the first of the instantaneous currents of which I 
have just pointed out the presence. In the experiment of Volta, 
by breaking the connection between the battery and the jar, and 
placing a conducting medium between the two coatings, the dis- 
charge is obtained in the ordinary manner. It is to this discharge 
as may easily be seen that the two instantaneous currents corres- 
pond which are observed in opposite directions at the two ends of 
the wire, by connecting these ends with the ground to the exclusion 
of the battery. It is to be understood besides, that the first in- 
stantaneous current, that by which the wire is charged, must be 
equally produced, although at a less intensity even when the 
other extremity of the wire is connected to earth. The instan- 
taneous current then precedes the continuous, or if it is preferred, 
is added to it at the first instant. Besides, this instantaneous 
current has a much greater intensity than the continuous current, 
no doubt because, in the act of charging the wire, the electricity, 
in getting to the different portions of the wire, traverses distances 
the shorter, the nearer these points are to the battery. 
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However that may be, the phenomena, to which I draw the 
attention of physicists, imply in the construction of apparatus 
destined for underground telegraph lines, certain arrangements to 
which it will be necessary to refer later. 

Another peculiarity of underground wires is that when there is 
a derived circuit due to the imperfect insulation of the wire, the 
derived current which exists in this circuit is always of greater 
strength when the wire is supplied with positive electricity by the 
battery than when the contrary is the case. Unfortunately, the 
study of this phenomenon still leaves much to be desired, on 
account of its being produced in a striking manner only on lines 
defectively insulated. 

I will refer with more reserve to a third phenomenon which I 
believe I have noticed on underground lines, — viz. the production 
of currents of variable strength and direction due to variation in 
the elements of terrestrial magnetism, accompanying the aurora 
borealis. I observed the most striking case of t^is kind on the 
18th October, 1848, on the line from Berlin to Coethen, twenty 
German miles long (about 150 kilometres), running from E.N.E. 
to W.S.W., and consequently almost normal to the magnetic 
meridian. At dusk a magnificent aurora borealis was observed 
on the horizon, and during the course of the same evening, as I 
learnt later from the newspapers, all the electric telegraphs in 
England stopped working. Overhead lines, however, appear to 
be equally affected by the same influences; but amongst the 
numerous perturbations to which these wires are liable, the 
currents induced by terrestrial magnetism cannot be so easily 
singled out. 

Chapter II. 

ON TELEGRAPHIC APPARATUS. 

Division of Electric Telegraphs into two classes, — The telegraphs 
actually in use may be divided into two classes, — ^viz., 1st what I 
shall call combined signal telegraphs, and 2nd A B C or dial tele- 
graphs. In telegraphs of the first kind, each signal, equivalent 
for instance to a letter of the alphabet, results from the combination 
of a certain number of simultaneous or successive elementary 
signals. In telegraphs of the second kind, a pointer which 
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moves in front of a dial bj means of snccessive elementary move- 
ments of the same kind can be stopped at any desired point on the 
dial, and thus establishes correspondence. 

Comparison of the two kinds of Electric Telegraphs. — If we com- 
pare these two great classes of telegraphic apparatus, it is soon seen, 
that as regards the essential matter of safety of service, dial tele- 
graphs are notably preferable to those with combined signals. In 
fact, whilst the last demand on the part of the operators special 
dexterity, often very considerable, and the acquisition of which is 
difficult, dial telegraphs can be easily worked and are within the 
capabilities of every one. The signals of the dial telegraphs 
always consist of a coincidence of the pointer with one of the signs 
inscribed around the dial, and to read them a single act of attention 
on the part of the operator who receives the message is all that is 
nec&ssary. On the contrary, combined signals require as many 
such acts as there are elementary signals. This kind of signal 
must therefore necessarily try the attention of the operators much 
more, and the chances of error with it are multiplied by the mean 
number of elementary signals which enter into the composition of 
a combined signal. Further, the instant the pointers of the dial 
instruments get out of step from any cause, the operator is made 
aware of the accident either by the incoherence of the despatch, or 
if it is in cypher, by the disagreement of the controlling signals. In 
combined signal telegraphs, each signal being independent of those 
which have preceded, the operator in receiving the despatch is not 
warned of any error, and this may cause the most serious incon- 
venience. Besides, printing the message or immediately recording 
it by any process would not remedy this defect, because this mode 
of transmission can eliminate errors in reading, but not those 
arising from the icstruments being out of order. 

Thus the superiority of the dial instruments over those of the 
other kind, as regards safety, is well established in principle. If, 
notwithstanding this, combined signal telegraphs are much more 
widely used, the reason is to be found in several circumstances. 
In the first place, the mechanism of dial instruments is generally 
more complicated, and therefore their price is higher. Further, 
these instruments do not so far appear to be susceptible of working 
as quickly as the combined signal telegraphs, because the time is 
always lost which the pointer takes to traverse that portion of the 
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circumference comprised between each letter and the following 
one. Finally, in the trials which have been hitherto made, the 
working of dial instruments has always been found to be exceed- 
ingly subject to all sorts of disturbances, especially those due to 
variations in the strength of currents, which so frequently occur 
on overhead lines. 

In the construction of the dial instrumenti, of which a summary 
description will be given, I think I have been fortunate enough to 
retain all the advantages of this kind of apparatus, whilst finding 
means to avoid (at least in great part) its inconveniences. 

Description of a new dial telegraph. — Imagine a piece of soft 
iron turning upon an axis which passes through its centre of 
gravity, and serving as armature to an electromagnet, from which 
a spring always tends to keep it away. When the circuit of a 
battery and the magnet is closed, the armature is attracted. But 
things are so arranged, that this very movement of the armature 
again opens the circuit. The spring immediately becomes pre- 
ponderant and pulls back the armature ; and this very movement 
of the armature taking place in the opposite direction to the 
previous one again closes the circuit. It will bo understood that 
the same action must continue indefinitely, whence oscillations of 
the armature arise, which may acquire a very great velocity always 
proportional to the strength of the current which excites the 
electromagnet. These oscillations of the armature are the motive 
principle of my telegraph. 

In fact the armature carries a lever, at the extremity of which 
is a pawl engaging in the teeth of a ratchet wheel. Each move- 
ment of the armature causes the wheel to move a step, which thus 
turns in a determined direction with a velocity proportional to the 
strength of the current. The axis of the wheel carries a pointer 
which continually travels round the dial of the instiniment. Around 
the dial are inscribed the letters of the alphabet^ or such signs as 
are desired, equal in number to that of the teeth of the ratchet 
wheel. To each oscillation of the armature^ therefore, corresponds 
a sign traversed by the pointer of the dial. 

There is no need to say that the lever carrying the pawl serves 
both to close and open the circuit. For this purpose this lever 
oscillates between the two arms of a sort of fork susceptible of a 
slight lateral reciprocating motion in the plane which passes 
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throagh the two prongs of the fork. This small lateral motion, 
in one direction, closes the circnit, bj establishing contact between 
the corresponding arm of the fork and a conducting stop. The 
lateral movement of the fork in the opposite direction, on the 
other hand, results in the opening of the circuit by putting 
an end to the contact which has just been mentioned. In this 
direction the movement of the fork is limited bj a stop of stone, 
and consequently insulating. In its movements to either side, 
the lever alternately rests on one or other arm of the fork, and 
displaces it now to one side and now to the other. In this 
way it acts so as alternately to open and close the circuit. But to 
insure the position of the fork at both times there is another 
special arrangement. The sort of lever which placed under the 
pawl lever carries the fork is prolonged into a spring, the end of 
which is fitted with a stone cut in the form of an obtuse cone. 
The top of this cone rests on a stone cut in the form of a roof 
with very obtuse angle. Each time the pawl-lever causes the 
position of the fork to change, the cone clears the edge of the roof, 
and the action of the spring which tends to cause the summit of 
the cone to slide on the inclined plane of the roof, presses the arm 
of the fork against the ccjrresponding stop, and thus prevents the 
circuit from closing or opening by the action of the vibrations of 
the fork, before the lever, at the end of the following movement, 
itself effects this at the proper time. 

At the opposite station of the telegraph line is an exactly similar 
apparatus, and the same current proceeding from two batteries 
joined up in the same sense at the two stations excites the electro- 
magnets of the two apparatus. The interruption of the circuit 
at a single point sufficing to interrupt the current throughout the 
whole extent of the circuit, it is at once understood that each time 
the armature is attracted in apparatus A it is so also in apparatus 
B. But it is not less evident that the armature A cannot be 
attracted anew in consequence of the re-establishment of the 
contact at A, before the spring has also re-established the contact 
at B. It follows that the oscillations of the armatures at A and B 
must be perfectly synchronous. So also the movements of the 
pointers on the dials A and B must correspond exactly, and if at 
the commencement they have been brought into a similar position 
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they mnfit at each moment of their automatic, incessant^ and 
rapid course indicate the same letter on the dial. 

To transmit signals by means of this apparatus/ nothing further 
has to be done than to obtain the means of stopping the pointer 
at a given letter on both dials. This means is very simple. It is 
evidently sufScient for this purpose to prevent the circuit from 
closing again by the action of the spring of the apparatus A/when 
the pointer has reached the given letter, since the circuit also 
remaining open in the apparatus B, the current will be unable to 
•pass, and neither of the armatures will be attracted until the 
spring of apparatus A has been allowed to close the circuit. For 
this purpose a circular key-board has been arranged around the 
dial, which is horizontal, of which the keys correspond to the 
letters on the dial. By pressing a key a peg is lowered, which 
comes in contact with an arm fixed to the axis of the ratchet wheel 
parallel to the pointer of the dial. The wheel is thus stopped 
exactly in the middle of the path it was about to traverse under the 
action of the spring; hence the pawl lever remains suspended 
between the arms of the fork, and the circuit cannot close again 
by the action of the spring until the obstacle has been removed by 
removing the finger from the key. During this time there is 
nothing at the other station to prevent the ratchet wheel from 
accomplishing its entire path, and the spring from closing the 
circuit; but the circuit being open at A the armature is not 
attracted anew, and the needle at B will then stop at the desired 
letter a moment after that of apparatus A. Hence at each station 
there is a dial, on which, whilst signalling is going on, a pointer 
is incessantly going round, which each of the stations may stop at 
pleasure at any division of the dial ; the pointer on the dial of the 
other station stops almost at the same moment at the same 
division. 

Signal beU and method of signalling. — ^A signal bell is fitted to 
each of my telegraphs, of which the construction and action 
almost exactly agree with those of the telegraphic apparatus, with 
this solitary exception, that the lever which carries the armature is 
no longer employed to move the ratchet wheel, but the oscillations 
of this lever are used directly to strike repeated blows on the gong. 

At times of rest, when it is not wished to signal, the circuit 
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between the two Btations A and B is formed solely of the con- 
dncting wire, the earth, and at each station of the bobbins of the 
bells, the antagonistic spring of which keeps the circuit closed. 
When station A wishes to speak to station B, he cuts his bell out 
of the circuit and puts in a battery and the telegraph apparatus. 
Then the telegraph apparatus remains motionless, but the bell at 
station B gives the alarm. 

After what has been written above regarding the coincidence 
necessary in the movements of the pointers of a pair of my 
apparatus, that is to say in the oscillations of their armatures, it 
may appear strange that two similar apparatus, the telegraph and 
bell, may exist on the same circuit, the one working and the other 
not. To understand this phenomenon it is necessary to remember 
the fact, that the temporary magnetism of soft iron is not fully 
developed by the action of a current until after a certain time has 
elapsed* Now, let us imagine that in the two apparatus installed 
on the same circuit, the antagonistic spring of one. A, is out of 
all proportion stronger or more strained than that of apparatus B. 
Then when the armature of B has already been attracted, the 
magnet of A will perhaps only have acquired the necessary strength 
to be in equilibrium with the spring ; and the circuit being open 
at B by the movement of the armature, it is no longer possible in 
this case for the magnet A ever to acquire this force. The 
armature of A wUl therefore be compelled to remain at rest, and 
the circuit be constantly closed on this side ; it follows that the 
apparatus B will move alone. A similar discordance may be 
produced also from other causes, which will bo referred to later. 
It is easy to gaess the means of remedying them. It suffices for 
this purpose to give the springs of the two apparatus suitable 
tensions by means of a screw accessible from outside. But in the 
bells the contrary has been done ; advantage has been taken of 
the possibility of such a disagreement to place in the same circuit 
the telegraph of the station A, which wants to speak, and the bell 
of station B, the operator at which has to be called up. For this 
purpose the spring of the bell has been made weaker than that of 
the telegraph, so that both apparatus being inserted at the same 
time in the circuit, the former already works quickly by the action 
of the battery of tlie other station, whilst the latter under these 
circumstances still continues motionless. 
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It is easy to understand the advantage of this arrangement. In 
fact to bring about the signalling, station B, warned by the bell, 
cuts his own bell out of circuit and replaces it by his instrument 
and battery ; then the two telegraphs work together. This could 
not take place if station A in ringing up had not previously 
introduced his telegraph into the circuit, and he would not have 
been able to do it without the pointers of the two telegraphs 
getting out of step with one another in consequence, unless his 
telegraph had remained motionless whilst the bell of the other 
station rang. 

It follows that all these operations, which at first sight might 
appear complicated, are done simply by giving different positions 
to the lever of a commutator. Before commencing to signal the 
stations reciprocally assure themselves that their pointers work in 
correspondence by an agreed-upon signal, which consists in marking 
the blanks of the dials. If the pointers get out of step, they 
are reset by means of an arrangement permitting of the movement 
of the pointer over its dial by causing the armature to oscillate 
on open circuit by successive pressures made on a button. 

Strength of the currents used to cause the new dial t^J^graph 
to work. — I consider my telegi'aphs to be working normally when 
a pointer traverses the half circumference in a second, say fifteen 
telegraphic signals. To obtain this velocity without taking the 
external resistances into account, I make use of a battery of five Daniell 
cells for each apparatus. But the number of cells necessary is far 
from increasing in proportion to the length of the telegraphic 
circuit between the apparatus. Hence with underground wires, 
the new telegraphs work very well at. a distance of 50 German 
miles (400 kilometres) when worked at each end by a battery of 
twenty-five Daniell ceDs. Besides, use would only be made of this 
arrangement on lines without intermediate stations. Where such 
stations exist, it would be more advantageous, when it is required 
to correspond between the end stations, simply to bring into 
circuit the batteries of the intermediate stations to the exclusion 
of their telegraphs, rather than indefinitely increase the cells at 
the end stations. 

Additional apparatus or relay serving to make the telegraph 
work at great distances. — In whatever way it may be done to 
make the telegraphs work satisfactorily at great distances, it will • 
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always be necessary to aagmenfc the number of cells in a propor- 
tion which ends by involving considerable inconvenience. It is to 
remove these inconveniences that I provide my telegraphs in this 
case with an additional apparatus, which permits of employing 
batteries with a limited number of cells even for great distances. 
The principle of this apparatus is the following : — 

When the circuits of the batteries of the two stations are 
closed, the current does not at once pass into the bobbins of the 
magnets of the two telegraphs, although it is forced to traverse 
the contact points in these two apparatus, the retaining springs of 
which always assure a passage for the current when they are not 
in action. In place of these bobbins, the current traverses that 
of the electromagnets of the relays, opposite to the poles of 
which armatures entirely similar to those of the telegraph and 
bell ahready described work on pivots. These armatures are 
arranged in such a manner that as soon as they are attracted they 
close an interruption which previously existed between a conducting 
stop and a lever fixed to the armatures. This interruption con- 
tinues closed all the time the current passes. When the current 
ceases, the armatures are drawn back by springs, which contrary 
to the springs of the telegraphs and of the bells constantly tend 
to break the contact in place of maintaining it. As moreover the 
only work which the armatures of the relays have to do is the 
making and breaking of the contact, it has been possible to reduce 
their play considerably, and to give to their springs a very much 
less tension than that of the springs of the bells. Hence the 
least current will suffice to set the apparatus at work. 

Now the instant the armatures of the magnets of the relays 
make the contacts referred to, the current of the corresponding 
battery, which previously had only to traverse the telegraph circuit, 
in which are comprised the bobbins of the relays, and the contact 
points of the telegraphs, and which on its way was strengthened 
by the current of the battery of the opposite station, has all of a 
sudden to traverse a derived circuit, which being much shorter has 
consequently much less resistance. In fact this new circuit 
(independently of the points of contact of the relays) is composed, 
so far as the battery of each station is concerned, only of the 
bobbins of the corresponding telegraph. During the whole time 
then that the armatures of the relays are attracted, or what comes 
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to the same thing, that the contacts of the telegraphs allow tlie 
onrrent to pass, there exist for each battery two circuits of nneqaal 
resistance. One of these circuits is formed, as has been seen, of 
the bobbins of the telegraph ; the other is the telegraphic circuit 
itself, which at the other station passes at first into the bobbins of 
the relays and then divides into two branches — the battery on the 
one side, the bobbins of the telegraph on the other. It is easy to 
understand that the strengths of the currents in the different 
circuits which are open to them being in the inverse ratio of the 
resistances of these circuits, the bobbins of the telegraphs will be 
traversed by currents much more intense than if they had only 
been made to form a part of the telegraphic circuit with the two 
batteries. Thus the telegraphs simultaneously come into action 
by the effect of the slight current which alone traverses the whole 
telegraph circuit. Let us examine what happens subsequently. 

The armatures of the telegraphs are attracted, and whilst in action 
nothing is yet changed. But as soon as they get to the end of 
their travel the armatures break the contact of the telegraphs, 
the current which excited the magnets of the relays ceases, the 
armature of these magnets is drawn back, and consequently the 
current directly derived from the battery which excited the 
magnets of the telegraph ceases also. The armatures of the 
telegraphs fall back by the pull of their springs, and cause the 
two pointers to take a corresponding step. Further, as these 
armatures at the end of their fall have reclosed the telegraph 
circuit for the bobbins of the relay, the same action is indefinitely 
continued, as in the case of telegraphs working without relays. 

It follows that the current which works the magnets of the 
relays is sensibly diminished in strength, as soon as these magnets, 
by the attraction of their armatures, have closed the derived 
circuit of least resistance. Further it may happen that the 
current which remains may no longer be capable of overcoming 
the antagonistic springs of the relays, so that the magnets of the 
telegraphs never get time enough to cause their armatures to 
complete their course. The pointers of the telegraphs then remain 
stationary and the telegraph circuit closed, whilst the armatures of 
the relays oscillate rapidly under the sole influence of the variations 
in strength of the current which traverses their bobbins, variations 
which these armatures themselves produce by alternately closing 
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and opening the derived circuit. This defect can be remedied 
either by slackening the spring of the relays or bj introducing 
into the telegraph circuit an auxiliary battery of appropriate 
strength, which is external to the derived circuit when this is 
arranged through the bobbins of the telegraphs. 

On replacing the telegraph by the bell at one of the stations, 
the first remains motionless, whilst the second works ; so that the 
method of working the bell remains the same with the relays as 
without them. 

As the relays always retard the working of the telegraphs a 
little, it will be well never to have recourse to them except on lines 
of great extent without intermediate stations. In order to cause 
telegraphs to work with relays to the exclusion of resistances 
external to the apparatus, three Daniell cells are required on each 
side. With a distance of 400 kilometres between the two stations, 
each battery should be of six cells. 

Printing Telegraph, — To each of my telegraphs a printing 
apparatus may be attached, which prints in ordinary type the 
letters corresponding to the keys which are depressed. The 
following is the principle of construction of the apparatus. 

There is in the first place an electromagnet, an armature with 
its spring, a pawl-lever, a ratchet wheel, all similar to those for the 
telegraphs. When the bobbins of the electromagnet are introduced 
into the telegraph circuit, either directly, or by a method of trans- 
mission analogous to that which has been described, it is clear that 
the wheel will go at the same pace as that of the telegraphs. In 
place of the pointer, the axle of the wheel carries in this instance 
the type wheel of Mr. Wheatstone, divided into as many projecting 
sectors as there are signals on the dial, each sector carrying a stamp. 
As the wheel moves, the letter corresponding to that to which the 
pointer of the dial points at each instant is immediately above a 
hammer. Above the wheel is placed a blackened roller, between 
which and the stamp passes the slip of paper to be printed. The 
roller is formed of a number of discs of paper placed round the 
ikxle, similar to those of which Zamboni's dry pile is composed. 
This collection of discs is compressed by the hydraulic press, and 
the edge turned up in the lathe. 

All that is now required for printing is to arrange that each time 

& key of the key-board of one of the telegraphs is pressed down, 

E 2 



52 THE SCIENTIFIC PAPERS, ETCy OF 

the hammer should strike a blow from below upwards. In the 
apparatus there is a second electromagnet of great power, which 
we will call- the printing magnet, the bobbins of which are con- 
nected to an auxiliary or local battery. 

The pawl-lever oscillates as in the telegraph, above a lever 
furnished with a piece analogous to what we have called a fork in 
the telegraph. But this piece is distinguished from the fork in 
question in having only a single arm. It is also susceptible, as in 
the telegraph, of a slight lateral movement In one of the positions 
due to the motion, the single arm of the fork is supported against 
a conducting stop. In the other direction the movement of the 
lever carrying the fork is limited by a stone stop. Further, the two 
positions of the lever are regulated as in the telegraph by a stone 
cone pressing with a spring on a stone rest with a very wide angle. 
At the part of the pawl-lever which corresponds to the fork, this 
lever carries on each side a stud, the one insulating, the other con- 
ducting. When the instrument is at rest the conducting stud, by 
the action of the antagonistic Bpring of the electromagnet, rests 
against a conducting stop ; when the armature is attracted on the 
contrary, the lever strikes with its insulating stud the arm of the 
fork, and forces it into the position in which this arm is in contact 
with the conducting stop. 

The whole of this system, of course, is no longer engaged in the 
circuit of the electromagnet which moves the pawl-lever, and of 
which the reversals of magnetism arise from the operations of the 
telegraph instruments; but it is the circuit of the printing magnet 
which it is important to open and close at the right moment by 
means of the system in question. There are, therefore, two con- 
tact places where this last circuit is able to be interrupted. 
Suppose, in fact, the arm of the fork in the position where we had 
left it, that is pressed against the conducting stop, and the con- 
ducting stud of the lever also in contact with the corresponding 
sl^p through the action of the spring, then the current of the 
auxiliary battery takes the following course. On leaving the 
bobbins the current enters the lever which carries the fork, passes 
at the place of interruption of the fork into the conducting stop» 
thence to the pawl-lever, leaps the second point of interruption, and 
so returns to the battery and bobbins. 

Even if the pawl-lever is removed ever so little from the corre- 
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sponding stop by the action of the electromagnet in action in the 
telegraph circuit, the circuit of the printing magnet will be opened, 
and however little the arm of the fork may move away for its part 
from the corresponding stop, the circuit will equally be opened. At 
first and when the printing should begin, the fork is in this last 
position ; the pawl-lever, on the contrary, touches its conducting 
stop ; the circuit of the printing magnet is therefore open. As 
soon as the telegraph current arrives, the lever (by the attraction 
of the armature which carries it) drives the arm of the fork against 
the stop, and thus puts an end to one of the interruptions of the 
printing circuit. The telegraph, by re-opening the circuit of the 
magnet, lets the lever obey the action of the spring, the lever falls 
back against the conducting stop, and so the circuit of the printing 
magnet is again quite closed. But there is another circumstance 
which again prevents its action. In fact, this closing is only in- 
stantaneous, because the armature is hardly drawn back before it 
is attracted anew by the effect of closing the telegraph circuit. 
Now, to cause the printing magnet (which is not like the other 
electromagnets of my apparatus, composed of concentric tubes 
split longitudinally) to come into action, an instantaneous current 
does not suffice. Its magnetism, in this case, does not attain the 
necessary strength. But if one of the keys of the key-board of 
one of the telegraphs is pressed in such a manner as to keep the 
telegraph circuit open ever so little longer than is usual in the 
ordinary working of the apparatus, then the pawl -lever resting for 
a moment against its conducting stop, the circuit of the printing 
magnet continues closed sufficiently long to give the magnetism 
time to develop, and the armature is attracted. The following then 
are the various functions which in its movement this armature is 
called upon to perform : — 

1. The hanmier suspended below the letter to be printed is, as 
has no doubt been conjectured, fixed at the end of a lever which 
the armature of the printing magnet carries. By attracting this 
armature the hammer strikes its blow, and the letter is printed on 
the paper, corresponding to that which the pointer of the telegraph 
indicates. 

2. In accordance with the distribution of the signals around 
the telegraph dial, two diametrically opposite sectors of the typo 
wheel remain empty. Then when the hammer has struck one of 
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these empty places^ the armature can describe an angle a little 
greater than in the case of the fall ones^ where the stamp imme- 
diately meets the printing roller. The effect of this is that another 
lever fixed at the other extremity of the armature is able, in the 
case of the empty places, to strike a clock bell and make it sonnd. 
As it is nsefdl to leave blanks between the words of the message, 
at each word, by touching the blanks of the dial, one is advised by 
the sounding of the bell that the positions of the pointer on the 
dial and the type wheel above the hammer agree. If by accident 
this agreement fails to exist, it is always easy to re-establish it by 
means of an arrangement which permits of the wheel being moved, 
by causing the armature to oscillate on open circuit by successive 
pressures on a button. 

3. If the circuit of the printing magnet remained closed longer 
than is absolutely necessary for the armature to strike its blow on 
the hammers, many grave inconveniences would happen. The 
pressure of the hammer against the roller would then be continued. 
The magnetism would be so highly developed in the soft iron that 
the magnetism would not loosen the armature quickly enough after 
the circuit was broken. In consequence, the hammer might catch the 
wheel, and if this accident did not happen, the armature would 
certainly not have time to fall back into its first position under the 
action of the spring. Now, one sees that it is in its fall that 
the armature causes the printing roller to advance the necessary 
step, and besides, if the next stroke of the hammer only started 
from a point in the travel of the armature, more or less distant 
from the magnet, sufiicient energy would not be accumulated, and 
the two neighbouring letters on the dial could not be printed. 
Finally, as immediately after breaking the circuit it is liable to be 
closed again at short intervals, although for short spaces of time 
only, it might even happen that the armature would not detach 
itself at all from its stops. 

To guard against these inconveniences, it is then of the greatest 
importance that the printing circuit should be opened the instant 
sifter the letter has* been printed. It is for this purpose that the 
double interruption apparatus already described is used. In fact, 
at the same moment that the blow of the hammer is struck, a third 
lever fixed to the armature gives the fork the lateral movement 
necessary to withdraw it from its conducting stop, against which 
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it had been driven by the first motion of the pawI-Iever. The 
printing circnit is then open, the armature of the printing magnet 
has fall time to &1I again, and when the telegraph is left to itself 
by removing the finger from the key, the first motion of the pawl- 
lever at once re-establishes the contact between the arm of the fork 
and the condncting stop. 

4. Finally, as has been indicated, the armature of the printing 
magnet fnlGls another indispensable ofBce, viz., that of causing 
the printing wheel to turn by an angle corresponding at its cir- 
cumference to the size of a letter of the type wheel. This is 
effected by. means of a pawl-lever and a ratchet wheel conveniently 
arranged. The roller, in turning, draws the paper sUp along, which 
passes between its blackened surface and the type wheel. But it 
will be understood that this simple displacement of the roller is 
not sufficient. In fact, it thence results that with each new turn 
of the roller which corresponds to 100 letters, including blanks, the 
letters would press exactly on the same places, so that not only 
would the black surface be soon exhausted, but the roller would be 
worn away in the most unequal manner possible. In order to 
prevent this, there is a further arrangement of such a kind that 
the roller is displaced by a small fraction of its length at each step 
of the ratchet wheel ; after five turns it is displaced by almost the 
height of a letter. In this way it will be seen that the printing 
would always act on strips of the surface of the roller parallel to its 
axis, in such a manner that there would always remain between the 
strips permanently used still narrower stripe which would never be 
used. The further precaution has therefore been taken of giving 
the roller a slight movement of rotation forward, so that the im- 
pressions of the hammer at each new turn of the roller no longer 
correspond exactly to the impressions made in the preceding turn, 
but continually encroach on them like the lines of a vernier on 
those of its scale. 

Arrangement for preserving the parts of the circuit where sparking 
occwrs from wear and tear. — All constructors of electromagnetic 
apparatus know but too well to what an extent the points of 
interruption of the circuit where the spark passes are subject to 
rapid deterioration by the action of currents, although only of 
slight strength, even when use is made of platinum. This cir- 
cumstance for some time seemed to offer an insurmountable 
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obstacle to the regular and prolonged action of my apparatus, until 
I found that by replacing the platinum by an alloy of this metal 
and gold, coatings were obtained for the points of interruption 
which were almost unaffected by currents of such intensity as I 
employ. In fact, this alloy possesses a cohesion and hardness 
much greater than those of platinum, and hardly participates at all 
in the property of this metal of getting reduced to powder, and 
being carried to the negative pole by the action of the currents. 

General remark on the principle of construction of the new dial 
teleg'raphe. — ^After having given a descripiion of the new instru- 
ments which I have invented for the purpose of telegraphic 
signalling, I now propose to refer to certain considerations necessary 
to bring forward the principal advantages which I think belong 
to them. 

Every process of electromagnetic telegraphy will always be 
reduced as a matter of &ct to making suitable use, for the trans- 
mission of signals, of a series of magnetizations and demagneti- 
zations successively effected by making and breaking a circuit. 
In all other dial telegraphs, the direct action one of Wheatstone 
included, and those constructed on the same system, the essential 
operation of opening and closing the circuit is placed in the hands 
of the person sending the message, and besides the break is only 
made at the station from which the message is sent. On the other 
hand, each of my apparatus is in itself a magnetoelcctric machine 
with appropriate motion, so that in these instruments the current 
itself breaks the circuit, and that at both extremities of the line at 
the same time. This circumstance, which is quite special to them, 
involves a number of remarkable consequences, of which I shall 
refer to some of the most essential. Indeed, the principle of the 
automatic interruption of the circuit will probably acquire the 
same importance in electric telegraphy as the invention of that 
child has done in the art of constructing steam engines, who was 
inspired with the happy idea of making the motor itself undertake 
the duty which was irksome to him of opening and shutting the 
steam valves as required. 

Advantages to le found in the principle of construction of t?te new 
teleffraphs. — If after what has been said at the beginning of the 
first chapter, the idoal of a telegraph conductor must be considered 
as most nearly approached by those in which the strength of the 



WERNER VON SIEMENS. 57 

cnrrents is subjected to the least possible variation, it is necessary 
on the other hand to consider such telegraph apparatus as the 
most perfect, of which the movement, without extraneous help, is 
least affected by variations of strength, which have still to bo over- 
come. N0W9 1 do not think I hazard too much in affirming, that* 
in this connection, thanks to the principle of automatic interrup- 
tion, there are no telegraphs that can be compared to mine. 

When the duty of closing and breaking the circuit is effected by 
an action exterior to the instrument, it is almost impossible that 
each time it should last only just long enough for the magnet to 
attract the armature. The time necetearyand sufficient is smaller 
as the strength of the current is greater. It is true that for a 
given strength one can determine by experience the most con- 
venient duration to give to the closing and opening of the circuit. 
But as soon as the strength of the current begins to vary, 
especially if of unequal magnitude at the two stations, as is often 
the case with overhead wires, there will be trouble again ; either 
the closings will not last long enough for the existing strength of 
the current in the receiving instrument, and hence the magnet will 
not be able to attract the armature, or they will continue too long 
and then the armature may stick by the effect of temporary 
magnetisuL In both cases the relay will outrun the receiver, and 
the correspondence wiU be disturbed. In instruments of this kind 
it has been necessary, in order above all to reduce the chances in 
favour of the last case, to reduce the masses of soft iron to the 
lowest proportions, because, with equal intensity of cuiTent, the 
temporary magnetism increases with the size of the magnet. 

On the contrary, when the apparatus itself breaks the circuit at 
the end of the travel of the armature, it can never happen that the 
circuit does not remain closed loDg enough, the interruption always 
taking place at the desired point ; that is to say, at the precise 
moment that the magnet has supplied the necessary work to cause 
the pointer to advance a step. On the other hand, the circuit will 
never remain closed too long, for the quantity of magnetism 
developed in the magnet will be always sensibly the same at the 
moment the circuit is broken, whatever the strength of the current 
maybe, beqause the motion of the armature will be the more rapid, 
and the rupture will always take place at the moment when the 
jnagnet has acquired in more or less time, according to the strength. 
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a force regulated by the constant force of the spring, and conse- 
quently itself sensibly constant. As to the time of opening, with 
equal strength of spring it will always be sensibly the same ; so 
that when the instrument goes too quickly under the influence of 
a more powerful current, the same degree of temporary magneti- 
zation wiU always take the same time to be effaced, and the 
armature will never get fixed. There will therefore be nothing further 
to fear from temporary magnetism, and consequently the mass of 
soft iron may be increased without inconvenience, which offers the 
advantage of allowing the work to be done with a smaller current. 
It is further evident that the same actions taking place in each of 
the two apparatus installed in the circuit, their working will con- 
tinue to be synchronous, for this reason alone, whatever may be 
the strength of the current. 

But the security in this connection considerably increases from 
the fact that the interruption of the circuit takes place simul- 
taneously at both ends of the line. In fact, each of the two instru- 
ments holding, so to speak, the current locked for the other until 
the convenient moment, the strength of the currents may be 
different in the two instruments, and yet their armatures will be 
attracted at the same moment. The instruments will, therefore, 
work together up to a certain limit, which it is easy to predict. 
This limit will be attained when the armature of the apparatus 
excited by the most powerful current, on arriving at the end of 
its travel again opens the circuit before the armature of the other 
apparatus can complete its own, owing as much to the via viva 
collected during the closing of the circuit as to the temporary 
magnetization of the masses of soft iron. When this limit is 
passed, that armature of the two telegraphs which is weaker will 
only make small weak oscillations, and its pointer will remain 
nnmoved. The apparatus, however, may still be made to work 
together, even nnder these circumstances, by weakening the spring 
of the instrument which refuses to work. 

By the same means one could further compensate, if necessary, 
the beginning of a similar disagreement taking place, owing to 
very different quality of the soft iron, or a diiterent arrangement 
of the magnets of the two instruments. It would be necessary to 
slacken, in this case, the spring of the apparatus of which the 
iron had the greater coercive force, or of which the magnet 
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presented a contiuaons mass instead of being composed of con- 
centric tubes split longitudinally. I may add further that 
experience has proved that the working of the telegraphs is most 
rapid when the strength of the current and the force of the 
spring are so regulated that the times of attraction and repulsion 
of the armature are equal. 

To sum up, one sees that in telegraphs with automatic double 
interruption the rapidity of working of the instruments always 
adapting itself quite naturally to the strength of the currents, 
this velocity serves as a regulator, equalizing the irregularities 
which might arise from variations of strength. A very curious 
property of these telegraphs may now be understood which at 
first view even appears paradoxical. 

Let us assume that two of these instruments need, in order to 
attract their armatures completely, a strength of current a. It 
will of course be indifferent in what manner the necessary 
strength a is supplied to each apparatus. Thus a local battery 
may be arranged at each end of the line, incapable of working the 
apparatus at the station alone, because it would only furnish a 
strength h <a. Then, by passing into the circuit of the two instru- 
ments a current of strength c^ or > a - ft, the two instruments 
might be made to work together however small c might be with 
regard to a, provided things were so arranged that each of the 
instruments in working breaks at the same time the circuit of the 
local battery, and that of the current which traverses the entire 
circuit. 

Now this arrangement can easily be realized. Imagine a tele- 
graph circuit with two of my apparatus at the two stations, each 
apparatus being furnished with its battery, but the current de- 
rived from the two batteries incapable of working the apparatus. 
Then let a derived circuit be inserted at each station, between the 
wire passing from the battery to earth, and that passing from the 
telegraph to the other station ; this is what will happen . In each 
telegraph and each battery, the current of the same battery will 
increase in strength, because the insertion of the derived circuit 
will diminish the resistance of the circuit offered to the battery. 
On the other hand, in each telegraph and each battery the current 
of the other battery wiU diminish in strength, because when many 
circuits are worked simultaneously by the same battery the 
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strengths are inversely as the resistances. But the increase in the 
current of the corresponding battciy in each telegraph may be 
greater than the diminution in the current of the other battery, 
and in this manner, from the very fact of the insertion of derived 
currents, the strength in each of the telegraphs will become great 
enough for it to enter into action. However, for the pointers to 
keep together, it is necessary that another condition should be 
fulfilled. This condition is, that the current of the battery of 
each station in the telegraph of the same station, when it circu- 
lates in the derived circuit, shall not be great enough alone to 
make the telegraph work, because, if that was the case, one of the 
telegraphs might work without the other, since the breaking of 
the circuit at one of the stations would not cause the breaking of 
the circuit at the other station. Besides, this condition could 
always be easily arranged by giving sufficient tension to the 
antagonistic springs of the two instruments. 

Let us now assume that the current of the two batteries in the 
telegraph circuit was alone capable of making the apparatus 
work, then the insertion of the derived circuits will evidently 
make them work more quickly. Let us further assume that the 
derived circuits were either not of equal resistance, or were not 
disposed symmetrically, or even that there is only one at one of 
the extremities of the line ; in this case the strength of the 
current in the two instruments will be no longer the same ; it 
will be increased in the apparatus to which the derived circuit 
of least resistance corresponds, or the only similar circuit existing, 
and it will be less increased or diminished in the other apparatus. 
Nevertheless it will be understood, after all that has preceded, 
that the telegraphs will work together, and with a velocity which, 
in this case also, may much exceed that which would be obtained 
in the derived circuit. The uniformity of the instruments will 
have, it is true, a limit, the same as has been indicated above, 
beyond which one of them will refuse to work ; but it will be easy 
to re-establish the uniformity by conveniently regulating the 
tension of the springs. 

Let us apply these principles to what actually happens on tele- 
graph lines. All that has been said with regard to derived 
artificial currents, equally applies to those which, on telegraph 
lines, result from defective insulation, of the wire. One may call 
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to mind that it is simOar cnrrents which, in presenting to the 
cnrrent of the battery a shorter road, occasion what it has been 
usnal to call losses, because the only thing which up to the 
present had been observed in this phenomenon, is the weakening 
of the cnrrent of the opposite station. Mr. Wheatstone had tried 
to remedy these losses, and the rariations in their amount, by 
establishing a battery at each station ; but with his dial tele- 
graphs, and those of the same kind, this precaution does not 
succeed, because the circuit being interrupted only at one of the 
stations, the armature of the receiving instrument is too easily 
jambed by the e£Fect of the current of the corresponding battery, 
which still exists in the derived circuit. And the singular thing 
is, these very losses, so troublesome for all other telegraph appa- 
ratus, not only do not affect, as has been seen, the regular 
working of my double automatic interruption telegraphs, but even 
favour and accelerate it, and within very wide limits, because the 
current established in the derived circuit, before it can disarrange 
the signalling, has not only to keep fixed an armature already 
attracted, but must become powerful enough to attract it at a 
distance, after it has been drawn back by the spring, and before 
the armature of the other apparatus has been altogether drawn 
back. 

This remarkable property of my apparatus to work rapidly and 
with precision, even when there are derived circuits which would put 
a stop to the working of other telegraphs, acquires even greater 
importance for the following reason. I described towards the end 
of the first chapter, phenomena which result from the circum- 
stance that the copper wire, with its insulating covering, acts as a 
gigantic Leyden jar, which receives its charge from the battery, 
with which one of its extremities is in contact. These phenomena 
give rise to certain derangements in the working of telegraph 
apparatus in general. In those of my construction they are 
easily the cause of one of the instruments remaining stationary 
whilst the other works with great rapidity. There is a very easy 
method of remedying these disturbances ; this method consists in 
establishing a derived artificial circuit from the wire which goes 
to the other station to the wire which goes from the battery to 
earth ; so that as it is only my instruments of which the working 
is not injured by the presence of derived circuits, so it is only by 
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them that all the advantages of well insulated nndergroond con- 
dactoTs can be gained. 

Advantages found in the mode of action of the new teUgraplie. — In 
my system, one wire, and at each station one apparatus and one 
operator, suffice to give and receive signals. As many instruments 
as desired may be brought into the same circuit, all of which will 
work together. All the apparatus of each station inserted in the 
same circuit can be stopped together at the same instant. Hence, 
at every moment of the transmission of the message, when there 
is no printing apparatus, each employ^ who receives it may stop 
the one who is sending it, and thus gain the necessary time to 
note the word that he has received, without the risk that during 
this occupation fresh signals will escape his attention. Besides 
which there is nothing easier than to speak from one of the end 
stations to an intermediate station without the others receiving 
the message. At an agreed upon signal, the employes of the 
intermediate stations withdraw their instruments from the circuit, 
and replace them by a bell which remains quiet under the action 
of the intermittent current, but gives warning as soon as a con- 
tinuous current traverses it, on the same principle which causes 
the printing magnet, in the apparatus described above, only to 
work when the circuit is kept closed for a certain time. The 
message finished, the two employ^ of the corresponding stations 
withdraw in turn their instrument from the circuit which made 
the cuiTent of the batteries intermittent, so that it becomes con- 
tinuous, the bells of the intermediate stations come into play, and 
warn the employ^ that it is time to reinsert their instruments in 
the circuit. All these various combinations are instantaneously 
effected by means of a lever which has three positions : in one 
there is communication between the two neighbouring stations ; 
in the second the message passes unsignalled from one station to 
another, to the exclusion of the telegraph instrument as has just 
been indicated ; in the third all the telegraphs receive the same 
message together. Lastly, to each of my telegraphs, as has been 
seen above, a printing apparatus can be adapted, so that the 
message is printed at once at both stations. The correctness of 
the message is thus completely guaranteed, without there being 
any necessity of repeating it, and a mistake which might slip into 
the apparatus daring transmission could never affect more than a 
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single word of ihe message, because it wonld be immediately 
discovered by the bell, which, when everything is in order, most 
sonnd between each word and the following in accordance with 
the blanks of the dial. The printing machine only communicat- 
ing with the telegraph electrically its mechanism does not hence 
become more complicated, and the disorders to which the printing 
apparatus may be subject, on account of its greater complication, 
do not react on the telegraph. The working of the telegraph is 
quite as rapid with the printing apparatus as without it, and the 
printing does not even cause any loss of time in the transmission 
of the message, because it takes place at the moment in which the 
telegraph may be considered as stopped for a moment by the 
effect of lowering the key. Finally, as it is the roller and not the 
type wheel itself which carries the black, the impression is always 
equally black, and clear from one end of the message to the other, 
whatever may be its length. 

This telegraph, either with or without the printing apparatus, 
does not i-equire any special dexterity in use, because it suffices for 
this purpose merely to find a place on a key-board, and this 
naturally without the least complication in the apparatus arising 
from the use of the key-board. As to the rapidity of correspon- 
dence, an operator without being overworked gives 50 to 60 com- 
plete signals in a minute, or letters printed in ordinary characters, 
the blanks included. This number will not appear large com- 
pared with what other apparatus supply, for instance the electro- 
chemical telegraph of Mr. Bain ; but it must be remembered that 
my telegraph does not require any preparation for working, that it is 
always ready for use, and that on the other hand, the message is given 
in ordinary characters, so that no time is lost in deciphering it. 

Canclimon. — The telegraph apparatus, of which I have just 
described the construction and advantages, are not simply in con- 
templation. On the contrary, the instruments have been adopted 
for three years by the Prussian Government ; many railway com- 
panies have followed their example, and now more than 150 of 
these apparatus are at work in the north of Germany, a number 
which will be doubled in the course of the present year. Since 
they have been in use they have worked with perfect regularity, 
so that months have passed without the pointers getting out of 
step from one another. 
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It fcdlows, farther, that these apparatus, notwithstanding the 
simplicity of their principle, demand in their quality of instrn- 
ments having direct motion, a clever, intelligent, and careful 
construction. May I be permitted, on this occasion, to make a 
public acknowledgment to my collaborator, Mr. J. Halske, of 
Berlin, to whose admirable talent I must attribute the greatest 
part of the success with which my efforts in this l^ranch of 
physical science have perhaps been crowned. 



ON FORWARDING SIMULTANEOUS MESSAGES 
THROUGH A TELEGRAPH CONDUCTOR.* 

Already, in the year 1849, 1 was engaged with Halske in solving 
the problem of simultaneously despatching through telegraph 
conductors a number of messages in excess of the number of 
wires. We proceeded at that time upon the following considera- 
tions : — 

When the end of each conducting wire is connected to the end 
of every one of the other wires through a telegraph instrument 

with its attached battery, — L — L such telegraph apparatus can be 

set up at either end of the n conducting wires connecting the 
stations A and B. If one of the apparatus brings its battery into 
circuit with the respective wires, a current of greater or less 
intensity will pass through all the conducting wires and apparatus. 
The problem now consisted in making the cuiTent passing through 
the corresponding apparatus at the other station as strong and 
effective as possible, and in making the currents passing through 
the remaining apparatus veiy weak, or in compensating their 
action entirely or to a large extent. This could be carried into 
effect by a suitable choice of resistances to be inserted and with- 
drawn with the batteries and apparatus, by local shunts to the 

 PoggendorflTa Annalen dcr Physik und Chemie, 1866, Vol. XCVIII., 
pp. 115-183. 
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batteries in action, and by a proper conatmc^ion of the apparatos 
themflelves. 

As both the calculations and the experiments made with a small 
number of wires gave promise of a good result, we claimed in a 
patent taken out in England on the 23rd October, 1849, the 
simultaneous despatch of a great number of messages through 
combined wires. Further trials in this direction soon showed us, 
however, that the solution was too complicated and difficult with 
a great number of wires, and that the principal requisite of 
telegraphic arrangements, the yery greatest safety, could not be 
satisfactorily attained. 

Some years later Dr. Erase tried at Artlenburg to solve the 
problem of the multiple simultaneous use of telegraph conductors in 
quite a different way. He made use in his experiments of a 
modification of our alphabetical telegraph instruments, which are 
based on the principle of NeefTs hammer,* consisting in combining 
them with a relay. This is effected by passing the line current 
through the spirals of the relay, and a local current through the 
electromagnet of the telegraph instrament, the relay alternately 
making and breaking the local circuit, and the telegraph instru- 
ments making and breaking the line circuit. Furnished with this 
contrivance, the alphabetical telegraph instruments are enabled to 
work safely and quickly, with very short and weak currents passing 
through the telegraph line and the coils of the relay. 

Let us now suppose a given number of alphabetical or printing 
telegraph instruments placed at each end of the line. One end of 
all the relay windings communicates through the sliding contacts 
of the respective telegraph instruments with one pole of a common 
battery, the other pole of which is connected to earth. The second 
free end of each relay coil is connected with an insulated contact 
spring. These springs are grouped at equal distances around a 
contact disc. The rim of this disc upon which the springs slide 
is so arranged with alternate insulating and conducting spaces that 
only one spring at a time is in contact with a conducting space ; 
all the others on the contrary are in contact with insulating spaces. 
If the disc is turned, the springs are one after the other for a 
moment in conductive connection with the disc and through it 

* Arch. d. sc. ph. et nat. XIV. 41. 

VOL. I. F 
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with ihe line wire. If one now assnmes the same arrangement to 
be made at both ends of the line, both batteries joined np in the 
same sense, and both discs revolved quite aniformly, then all the 
telegraph instruments will rotate together uniformly. If one of 
them is stopped, and hence the conducting connection of its 
contact spring with the battery broken for a length of time, then 
the corresponding one must stand still, that is, the apparatus 
combined with the corresponding contact spring at the other 
station, for no current can pass through the line whilst the spring 
is in contact with it. Mr. Eruse produces the uniform rotation 
of the two discs by providing them with teeth, and turning 
them by the oscillations of the tel^raph magnets themselves. 
As there are always the same number of apparatus in motion at 
both ends of the line, and all rotate with exactly the same velocity, 
both discs must also move forward quite uniformly. If individual 
pairs of telegraph instruments are stopped, the velocity of rotation 
of the disc and consequently also of the other telegraphs is certainly 
thereby diminished, but the uniformity of the rotation is not 
disturbed. 

It is evident that this ingenious combination is too complicated 
and unreliable for practical appUcation ; it is especially very difficult 
to make the relay so sensitive and quick in action that it may 
safely work with currents of such short duration and set the 
telegraph instruments in motion. 

In the number of the Leipsic Polytechnic Gentral-Blatt for the 
second of December, Telegraph Inspector Galle describes a method 
of forwarding messages simultaneously in opposite directions 
tried by Dr. Gintl on the Prague and Vienna line by means 
of the Morse printing telegraph instrument. It consisted in the 
relay magnets being provided with two windings of wire, of which 
one communicated with the line wire. While the key (contact lever) 
was not pressed down, its back contact established the conductive 
connection of tbe free end of the coil with the earth ; the con- 
ducting circuit was consequently formed by the wire, the respective 
coils of the two end stations and the earth. By pressing down 
one of the keys the connection from the coil to the earth direct 
was interrupted, and on the contrary established with the fbee pole 
of one of the batteries connected to earth. Hence the current of 
this battery passed through the line wire and the^coils forming its 
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continnatioiui. In order to prevent tins current from magnetising 
the relay at the end where the battery was put in action, a second 
contact was simultaneously made by the same movement of the 
key, which sent the current of a second battery through the second 
winding of the magnet. This current passed through the coil in the 
opposite direction, and was so adjusted by a rheostat which was 
inserted that its magnetising power was equal and opposite to that 
of the line current passing through the other coil. Hence the 
relay magnet of the home station remained quite unmagnetised 
whilst the current round the magnet of the end station exercised 
its full power. If 'now at both ends of the line the same con- 
trivance were arranged, and if at the same time both keys were 
depressed, and consequently all four batteries inserted, the equili- 
brium of the currents in both relay magnets would be disturbed 
and the armatures of both must be attracted. Hence each 
apparatus must receive the signals given by the other station, 
wUlst simultaneously other signals proceeded from it and appeared 
there. 

Dr. Gintl appears to have always connected up the batteries at 
lyoth ends of the conducting wire in opposition, and thinks this is 
indispensably necessary, for later he has frequently expressed the 
lingular opinion that the possibility of duplex working proves 
that two currents could pass in opposite directions through a wire 
without mutually diminishing or annulling each other. In the 
<xae in question it is indifferent tn which sense the batteries of the 
two stations were inserted, as regards the magnitude of interference 
with the equilibrium of the magnetic actions of the currents 
passing through the two coils of each relay magnet. If they were 
in the same sense, that is, so joined up as to work like a battery 
with double the number of cells, then the strength of the current 
in the conducting wire, and the coils connected with it, is twice as 
great as what a single battery produces in the same circuit. If 
the batteries, on the contrary, are equal and opposed, they com- 
pletely neutralize each other on a perfectly insulated circuit, and 
no current passes either through the conducting wire or the corre- 
sponding coils. In both cases the magnets were magnetized by 
the difference of the action of the line current and of the compen- 
sation current, consequently as strongly as by a single current. 

The only difference is that, in the first case, the line current — in 

F 2 
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the second, the local Gompensating cnrrent — preponderatea, and 
brings about the magnetization. 

The practical resnlts which Dr. Gintl obtained by experiments 
with the apparatus arranged as just described could not but be 
very unfavourable. Two batteries do not long remain equal unless 
the resistance is frequently adjusted. It is yet more difficult, if 
not impossible, to make and break two contacts virtually simul- 
taneously as is necessary in Ointl's duplex method.* Further, the 
connection of the wire with the earth during each passage from 
one state of rest to the other is interrupted ; the current coming 
from the other station is consequently arrested during this time, 
whence disturbances in the arrival of the despatch necessarily 
result. Lastly, Dr. Gintl, by joining up the batteries in opposition, 
has caused the inconvenience that the relay magnets were mag- 
netized with duplex working in the direction of the compensation 
current with simplex working on the contrary in the direction of 
the line current ; on each of the numerous changes between 
simplex and duplex the magnetism of the electro magnet must 
consequently be reversed, which must have the important result 
that frequently short signals would be lengthened and longer ones 
interrupted. 

The unfavourable results which Dr. Gintl obtained with the 
duplex method worked electromagnetically caused him to abandon 
this method, and to seek the solution of the problem by means of 
Bain's electrochemical telegraph.* In a memoir communicated on 
the 80 th November, 1854, to the Boyal Academy of Sciences of 
yienna,t Dr. Gintl sought to show that two currents without 
mutually disturbing each other traverse the same wire in opposite 
directions ; that consequently *' each of the two currents trans- 
mitted simultaneously through the wire arrived at the opposite 
station, just as if it alone were passing through the wire,'' and 
founded on this supposed proof the construction of his electro- 



* Dr. Gintl has himself never absolntely laid claim to the above described 
arrangement for simultaneously speaking through the same wire with Morse 
instruments as his invention. As the late Professor Petrina, of Prague, waa 
frequently referred to as having communicated to the Austrian Government 
the leading idea of the experiments described, a clear statement on the matter 
would be very desirable. 

t Beport of the Mathematical and Scientific Section of the Royal Academy 
of Sciences, Vol. XIV., p. 400. 
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chemical duplex apparatus. Although this proof, as coald be seen 
beforehand, is quite erroneous, and only shows that Dr. Gintl had 
left Ohm's law and the theory of derived currents out of considera- 
tion, yet the idea of duplexing electro-chemically which he first 
suggested is well worth considering. It will, however, be most con- 
venient to establish the conditions of the electrochemical duplex 
apparatus by means of a simple calculation, and not to enter 
further on Gintl's proof. 




In fig. 8 a ^ is the conductor, e d the return through the earth 
considered as without resistance, through which the two stations A 
and B communicate with each other. The connection between 
a and c, as well as between l and dy is made by means of paper 
strips steeped in some salt solution and intended for the reception 
of the telegraphic signals, and the circuit thereby completed. If 
a battery, E, is now joined up in circuit at one of the two stations, 
at A for instance, the current will traverse both paper strips and 
produce at both stations a decomposition of the electrolyte with 
which they are saturated. The problem of duplex working 
requires, on the contrary, that a decomposition should only take 
place at station B, that the paper strip at station A should conse- 
quently not be traversed by any current. This can be effected if 
simultaneously with the battery E a second battery, £', together 
with a resistance, w\ yet to be ascertained, is inserted between 
the two metal points serving as electrodes, between which the paper 
strip passes in such a way that the paper strip f oims the branch 
of a Wheatfitone bridge, through which no current passes. If E 
and E' represent the electromotive forces of the inserted batteries, 
w the resistance of the conducting wire between A and B, w' that 
of the branch wire, together with the battery E', w'* the resistance 
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of the paper strip, «, «', T, lastly, the strengths of the current in 
the resistances Wy vf, w'\ then, according to Kirchhoff *8 form of 
Ohm's laW; when the direction of the current is as shown by the 

arrows — 

(1) «a'»'+«e^«+M^''t-E + E' 

(2) vfi^uff^Yl 

(3) »'+i"=i. 

Hence follows for the desired case that ? should be » o — 

E : 'El^W'Vvf \ w'. 

No current consequently passes through the paper strip when the 
resistances of the main and branch circuits are as the electromotive 
forces of the respective batteries. If in the same way station B 
inserts at the same time as station A the two batteries E and E', 
with the resistance vf properly adjusted, then the two cases have 
to be considered whether the batteries of the two stations reinforce 
or oppose one another. In the latter case the line ah \& not 
traversed by any current, for the electromotive forces in A and B 
are equal and opposite. Derived circuits of the compensating 
batteries E' are, however, formed by the paper strips A and B. The 
former are consequently traversed by a current — 

E' 



f^ 



vf-^vf 



A decomposition of the liquid with which the paper strips are 
saturated therefore takes place simultaneously at both stations, 
which, however, is not due to the currents passing by one another 
in the conducting wire, but are caused by local currents of the 
compensating batteries.* 

* Mr. Zantedeschi, in two papers sent to the French Academy of Sciences 
on the 16tli Jnly and 6th Angust of last year, has laid claim to the credit of 
having already in the year 1829 proved the simnltaneons passage of electric 
currents of opposite direction thronch the same conductor. His arrangement 
is very similar to Gintl's, and, like his, is opposed to Ohm's law. Tliongh it 
does not appear proper to enter in these pages upon a special refntation of 
such hypotheses as have been caUed forth by no new phenomena not hi&erto 
explained, it is still to be regretted that the setting np of sach hypotheses is 
not direcUy denounced, as in many circles a great contusion of opinions has 
thereby ansen. That two equal batteries joined up in one circuit in oppo- 
sition are actually inoperative is proved by the fact that no heat is developed 
in the circuit, for the production of heat is a necessary consequence of the 
passage of a current through a resistance, as well as by the further fact that 
no mechanical action takes place in the battery, without which a hydro- 
electric current is just as little conceivable. 
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When the batteries of the two statioius are not opposed, bnt 
reinforce each other, the following equations hold good-^ 

(1) ir.»+2tt^t'=2(E + E') 

(2) u/i-ti/'%''^W 

(3) »•+!" = • 

,.^ _E E' 

whence follows, when f, i* and E are eliminated, 



r = E' 



w u/ + 2 vf uf*^to w"' 



In this case also there is a simnltaneons decomposition in both 
paper strips, which is caused by the predominant current in the 
conductor. 

To obtain a perfect telegraphic message the strength of the 
current passing through the paper strip must be equally strong 
both with simplex and duplex. Consequently in the case first 
considered we must have — 

E + E' E' 



This equation is, however, only realised when vf is put = 0. 
Consequently there can only be uniform and safe signalling when 
the resistance which the interpolated strip of paper opposes to the 
passage of the current is very small in comparison with the other 
resistances. 

The same result is obtained in the case when the batteries are 
joined up in series, from the equation — 

w-^2tff E + E' 



E' 



w f& + 2 uf vf-^-wuf* tV+W* + i4/" 



If the electrolytic arrangements are replaced by the coils of the 
two relay magnets, OintPs arrangement of circuit can also be used 
for working duplex with electromagnetic telegraphs ; but in this 
case the inconvenience of unequal currents with simplex and 
duplex working is even more disadvantageous than with electro- 
chemical apparatus. 
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What specially militates against the practical utility of Gintrs 
duplex method as described is the difficulty incidental to the con- 
struction of double contacts, which have to work simultaneously 
and without interruption of the transmission. The electrochemical 
telegraph is generally only suitable for use on single unbranchcd 
lines, as it does not permit of translation, «.«., the automatic 
signalling on of the message by the receiving instrument. 

In the summer of 1854, Halske and I^ and independently of us, 
Herr Frischen, telegraph engineer, of Hanover, took up the 
question of giving a practically serviceable form to duplex 
working with Morse instruments. We effected this in an entirely 
satisfactory manner, and certainly in an essentially similar way. 

In the diagram, fig. 4, let a d be the conductor connecting 

Fig. 4. 




J^-^ 



stations A and B, m and n the two coils on the differentiallj 
wound relay magnet, o the key (contact lever) of the apparatus, 
E the battery, w' a variable resistance, p the earth-plates which 
form the connection with the earth. The connecting lines are the 
conducting wires. In the position of rest, t.^., when neither of 
the levers o is pressed down, the line wire a & is to earth at both 
stations, through one of the two coils m and the back contact of 
the lever o. If the lever o at the station A is pressed down, the 
connection of the coil m with earth is broken, and, on the con- 
trary, it is made with the free pole of one of the batteries E, the 
other pole of which is to earth. The current of this battery now 
divides itself into two branches. One portion of the current 
traverses the coil m of station A, the line wire a b, the coil m of 
the station B, and passes to earth through the back contact of the' 
key at that place. The other branch traverses the coil n of the 
station A, and returns through the resistance w' to the batteiy; 
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The coils m and n and the reBistanoe vf muBt be so arranged that 
both the currents traversing m and n exert an equal and opposite 
magnetising effect upon the iron core of the relay magnet, and 
consequently no magnetism is produced in it. The current pro- 
ceeding from one station will then only magnetise the relay magnet 
of the other station. With the arrangement represented in the 
diagram, it is sufficient to make the product of the strengths of 
the current of the two branch circuits into the number of windings 
of the coils m and n equal. As the strengths of the current in the 
two branch circuits are inversely proportional to their resistances, 
the number of windings of the two coils must consequently be 
as the total resistance of the respective circuits. If this ratio is 
obtained by proper selection of the resistance %(f^ no magnetism is 
produced in the magnet of its own relay ; it consequently main- 
tains its full susceptibility for the current coming from the other 
station. 

For absolutely safe simultaneous speech, another condition must 
be added, viz., that the magnetising effect of the current coming 
from the other station must also remain of similar magnitude 
when the key is manipulated. If E denotes the electromotive 
force of the working battery, w the total resistance of the line 
wire abyU/ the compensating resistance, m and n the number of 
windings of similarly named coils, and if the resistance of the 
batteries is neglected as inconsiderable in comparison with the 
other resistances, there results from the foregoing the conditional 

equation — 

m E_ (m+n) E 

w w+w' 

which equation is also satisfied when - is made equal to ^, as is 

n w 

necessary for the equilibrium of the cuixent starting from its own 

battery. From practical trials we have, as a rule, preferred 

making the number of convolutions of both coils, and consequently 

also the resistances of the line and compensation circuits, equal to 

one another, although by this means the consumption of covered 

copper wires for the relay and covered German silver wire for the 

construction of the compensation resistances is increased. We did 

this as greater resistances can be more easily balanced with 

sufficient precision for practical purposes, and the variable resist- 
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anoes of the contacts ate therefore of less importance ; but chiefly 
so as not (through too short a branch circnit) unnecessarily to 
weaken the battery current paasing through the conductor, and 
make it irregular. As inconstant batteries, formed of carbon and 
zinc, filled with dilute sulphuric acid, are often used in telegraph 
offices, their electromotive force is yery quickly diminished by 
polarization, when they are worked to any considerable extenL 
With short compensating circuits the incoming current will 
become specially variable when the conductor is incompletely insu 
lated, and thereby the outgoing current considerably strengdiened. 
Even when constant batteries are used, short derived circuits of 
the battery have the disadvantage that much larger cells must be 
employed, especially when numerous apparatus are to be worked 
by means of one battery.* 

The problem of simultaneous speaking in opposite directions 
over the same wire can be conceived as perfectly solved by means 
of the construction described, as is confirmed by long practical 
experience. This method is, however, not applicable where the 
currents passing through telegraph wires are not of constant 
strength ; consequently neither with long submarine nor under- 
ground wires, nor in the cases in which a greater number of 
magnet coils are joined up in the circuit. In the first case the 

* Dr. Stark, of Yienna, has described m the eighth number of the Journal 
of the Anstro-German Telegraph Association, 1855» an iiuproYomenb in our 
nieUiod of duplex working, which consists in modiMn^; the apparatus sent by 
na to Vienna oy making the ratio o' the number of windings of both brancn 
circuits unequal. J have already 8tai;ed the grounds that have ffenerally 
induced us to make the resistance and the numMr of windings of botn brancn 
circuits equal. Dr. Siark calcalai^es that his magnet, provided with pji un- 
equal number of windings, has led to an io creased sensitiveness in the pro- 
portion of 1 to 1*67. In this matter, however, he has neither taken into 
consideration that the resistance of the windings through which the current 
passes, and conseqaently that Oi" the whole conductor, is increased by its 
adoption, nor that foi a greater resistarce a iiiore suitable proportion of the 
diameter of the wire can be chosen, and consequently the advantage calculated 
from it of the unequal number of winding can be closely compensated. An 
increase of the resistance of the magnec coils interpolated in the circuit is not, 
however, advisable, as the leakages or the leading wires due to imperfect 
insulation act all the worse the greater the resistances existing between them 
and the battery. We have tried our firfii, experiments in the direction of 
Dr. Stark's improvement, and have since produced many duplex apparatus 
with small compensation resistances, but found practically that the bautnce of 
the currents is most easily restoi'ed and maintained when both wires were 
wound on together and with the same number of convolutions. In this way 
the advantage is specially gained that the wires of a differential galvanoscope 
can be joined up in both branch circuits, and with its help the insertion of 
the proper compensation resistance can be easily effected. 
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principal coil predominates at the commencement of the onrrent ; 
in the second the compensation coiL Consequently in both cases 
no complete balance can be got. 

Halske and I have obtained a less favoniable practical result bj 
the solntion of another prc^blem — ^that of simoltaneonsly signalling 
with two apparatus in the same direction by means of Morse 
printing instruments. 

If by means of suitable mechanism two batteries of different 
strength are joined up to one end of a telegraph line and to earth, 
so that one or other of the batteries or both together can be inter- 
polated without breaking the continuity of the circuit, three 
different strengths of current can be produced in the conductor. 
If battery II is twice as powerful as battery I, then the current 
strengths produced by I, II and I + II are in the proportions 
of 1, 2 and 8. If now two relays are connected up at the other 
end of the conductor between it and the earth, of which the first 
is worked by current strength 1, while the second is brought into 
action by current strength 2, then the solution of the problem 
requires that relay I should be set in motion only by current 
strengths 1 and 8, but not by current strength 2. This can be 
effected in many ways. We first sought at the commencement of 
last year to compensate current strength 2 in relay I by means of 
a local battery. This was done by winding the magnet of relay I 
with two wires, of which one was connected up in the main circuit, 
whilst the other was traversed by a branch current from the local 
battery when relay II had attracted its armature. This local 
current was so regulated by a rheostat that it produced in relay I 
an equal and opposite magnetism to that of current 2. Hence 
when battery II was put in circuit, relay I was momentarily set 
in motion. As soon, however, as relay II had also attracted its 
armature the working of the compensation current began, and the 
armature of relay I fell away again before the momentary closing 
of the local circuit produced by it could produce a mark on the 
paper strip. If, however, battery I was also put in circuit, current 
strength 8 circulated in the conductor, the balance of the currents 
in relay I was thereby disturbed, and it attracted its armature 
through the action of the difference of the currents, «.d., by current 
strength 1. The result of the experiment was unfavourable, as 
could easily be anticipated. Setting aside the difficulty of main- 
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taining two carrents from different batteries in constant balance, 
regular writing was not once obtained in the room, principally 
because the working of relay I was too sluggish when the com- 
pensating coil is closed by the local battery, and because relay II 
does not work safely alternately with current strength 1 and 3, as 
should have been the case. 

The diagram for the solution of the problem of duplex working 
is represented in fig. 5. The coils of the relays B^ and B' are 






Fig. 6. 
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denoted by 8 and «', the compensating coil of the relay R^ by «" ; 
a and a' are the armatures of the two relays, k and k' their contacts 
by the contact of which with a and a' the circuit of the local 
battery is closed through the coils S^ and S^ of the writing magnet. 
Further the contact a' — k' establishes a shunt circuit from the 



Fig. 6. 
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battery E through the rheostat iv and the second coil s" of 
relay 1. The rheostat to is so adjusted that the coils 8 and s" 
exercise with current strength 2, equal and opposite magnetising 
effects on the iron core of the magnet, and are consequently 
balanced with this current strength. 

In the diagram fig. 6, coil s" is traversed by a continuous current 
from battery B, and in the same direction as coil 8. If current 
strength 1 passes through the conductor, then the armature is 
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attracted by the joint action of l)oth coils. If, however, the 
armature a' is also attracted by current strength 2, then the local 
current through «* ceases and the armature a falls away. Current 
strength 8 on the other hand attracts it. 

With the help of a third relay B', which attracts its armature 
with current strength 8, the uncertain neutralization of current 
strength 2 in relay B^ by a local current can be done away with. 
Fig. 7 and fig. 8 represent two diagrams of this kind. The letters 




have the same meanings as above given. Bemembering that the thick 
lines represent the line current, and the thin the local currents, 
the direction of the currents will be understood without special 
description. It is only necessary to remark that in diagram 
fig. 7 the action of current strength 2 is compensated in the 




double wound magnet of the writing apparatus, whilst in 
diagram fig. 8 this compensation takes place in the relay B^ 
through the line current itself, since the current itself is forced to 
traverse the two similar coils of the relay B^ in opposite directions, 
when the armature a! is attracted, and hence its contact with its 
rest contact / is broken. 
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A number of similar current circuits can be formed with little 
trouble, bj which the problem of diplex speaking may be solved 
with more or less success. We have, however, not yet succeeded 
in gaining a practically serviceable result by any of these methods. 
This can be easily explained, since with diplex speaking three 
different current strengths must be made use of and regulated in 
order to keep the telegraph signals of both apparatus distinct, 
whilst with duplex speaking only two current strengths are 
requisite. Diplex speakiug appears, therefore, to have but little 
prospect of inrther development.* 

For the sake of completeness, I will now mention an experiment 
which Halske and I made to obtain simultaneous multiple uses of 
a wire in quite a different manner. 

When rapidly alternating currents of equal strength and 
duration such as are produced in the coil of an iron armature, 
which rotates before the poles of a powerful magnet, are allowed 
to traverse the coil of an electromagnet, no magnetism is produced 
in its iron core. An electrodynamic relay simultaneously traversed 
by these currents (for instance, a Weber's electrodynamometer 
with contact arrangement) is, however, set in actiou by them. A 
weak constant current, which is allowed to pass either alone or 
simultaneously with the alternating currents through the same 
coils, causes on the contrary the electromagnet to work, whilst 

* Dr. Staik, in No. 10, Year II. of the Joamal of the Aiutro-German 
Telegraph Association, has set forth two schemes for diplex working, of which 
one closely agrees with the first aboye described. The other, with tliree relays, 
is at least not more suitable to the pnipose than the one attempted by us. 
Although we have hitherto refrained from publishing our experiments, as we 
wished first of aU to bring them to a succesBlul issue, we have in the course 
of last year made frequent verbal and written communications to aU those 
interested in the subject. In August of last year I communicated to Professor 
FouiUet, of Paris, amonsst others, some diagrams of connections for reproduc- 
tion in a work that was being printed. 

At the end of his paper Dr. Stark makes an erroneous statement, which 
ou^ht not to remain unnoticed, as it proves that he also shares Dr. Gintl*8 
opmion that electric currents, as it were, pass tlirough one another without 
mutual disturbance. He maintains, namely, that duplex may be united 
with the diplex speaking described by him ; that, consequently, one can 
telegraph simultaneousljr with four instruments over the same line. Duplex, 
as well as diplex, speaking over the same wire, and with Morse writers or 
similar instruments generally, which require currents of variable duration for 
the reproduction of ueir signals, is only possible by altering the strength of 
the currents in the line wires. Duplex and diplex speaking in the manner 
above described must therefore necessarily mutuaUy hinder one another, and 
are consequently not simultaneously practicable. 
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the electrodjiiamic relay which Teqaircs stronger curreDts is sot 
afTected by it. In this manner, therefore, when the oscillating 
currents have sufficient strength, diplex speaking can be obtained 
with safety. As the above described duplex process can be applied 
as well to alternating as to continuous currents, we have here the 
possibility of employing diplex and duplex speaking at the same 
time. 

This method is, nevertheless, just as little applicable for practical 
use. The use of such strong currents as an electrodynamic relay 
requires is in general nnadvisable. Such rapidly alternating 
currents as are necessary in order that the electromagnetic 
relay may remain quite inactive are, moreover, not serviceable, 
because tJbey cannot be conveyed to great distances. For under- 
ground and submarine cables this phenomenon requires hardly 
any further proof. The electrostatic charge first described by 
me in these pages, and more lately confirmed on various sides, 
and especially by the experiments of Faraday, quite destroys 
short alternating currents. If the alternations are much quicker 
than the times for charging the whole wire, then positive and 
negative charges will move on in the wires one after the other, 
and in passing forwards must flow into one another, and therefore 
very quickly lose their intensity. As I shall show later on in 
another paper respecting the phenomena of charge, overhead 
conductoi's may be considered as great Leyden jars, although of 
much less capacity than undergi'ound conductors of the same 
dimensions, in which the air found between the wire and the 
earth takes the place of the glass of the jar. As well on account 
of the charging of overhead wires thus brought about, as of their 
imperfect insulation and connected therewith, the polarization of 
the wire altering with the direction of the current and of the 
plates making connection with the earth, there is brought about a 
quickly increasing diminution of the current with the distance of 
the alternating current from the source. 
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ANSWER TO EDLUND'S EEMARKS ON THE SENDING 
OP SIMULTANEOUS MESSAGES.* 

Mb. Edlund, in the eighth number of this Journal, remarks, 
in the first place, that the method of duplex working by means of 
branched currents described by me entirely agrees with what he 
made use of in the year 1848 for the measurement of the Faraday 
extra current, and he argues that the arrangement of circuits then 
used by him could with little alteration be used for duplex working. 
Mr. Edlund could with equal propriety have gone still further. 
Two of Becquerel's differential galvanometers with double windings^ 
such as have been generally employed for a long time past for 
the measurement of resistances, constitute a perfectly serviceable 
apparatus for working duplex with branched circuits. It was 
only necessary to comprehend this idea, and make it practicaUy 
serviceable. But, as is known, the road to discovery is very seldom 
the direct way to the goal, which as a rule lies near, as Mr. 
Edlund himself again very convincingly proves. 

Mr. Edlund further shows that he introduced duplex working 
in August, 1854, on a Swedish line, and described his method in 
the number for June, 1855, of the Stockholm Academy of Sciences. 
As this paper has, however, not been published to my knowledge 
in a more universally accessible language, it has remained quite 
unknown to me. I certainly know that Mr. Edlund had invented 
a duplex system and had taken patents for it in various countries. 
I was also present, as is quite correctly stated, at some successful 
trials in Paris with a relay constmcted according to his designs. I 
could not, however, find out how it was made, and had to assume 
that the construction was to remain a secret. The duplex method 
invented by Mr. Frischen on the one hand, and by Halske and 
me on the other, by means of branched currents is, on the contrary, 
fully described in several German periodicals, and amongst others 
in the work of L. Galle f on the Electric Telegraph which appeared 
in Leipsic in December 1854, and was consequently published six 
months previously to Mr. Edlund's paper. 

* PoggendorflTs Annalen d. Phys. u. Chem., 1856, p. 810. 

t Catechism of the Electric Telegraph, by L. Galle, Leipsic, 1855. 
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As, according to prevailing custom, the date of publication 
and not that of experiments secretly carried on decides priority, 
it matters little whether Mr. Edland ot we made the earlier 
experiments in this direction. We, as well as Mr. Frischen, were 
at a disadyantage in this matter, as chemical telegraph lines arc 
unfortunately inaccessible to ns ; we were, therefore, obliged to 
"Complete our experiments in a room, so as not to be too often 
obliged to seek the acknowledged kindness of the telegraph direc- 
tion of neighbouring lines. Nevertheless, Mr. Frischen made 
the first successful expmments on the line, as he is prepared to 
show if Mr. Edlund should so desire. 

Mr. Edlund discovers an essential difference and a superiority 
in his arrangement in giving the compensation branch a less 
resistance, and a correspondingly smaller number of windings 
than the line branch. At first we always did this, as I have 
dearly enough shown in my paper, and later veiy often, afi^er we 
had provided those apparatus which were to work on long lines 
with similar coils in accordance with Mr. Frischen's experience. 
Mr. Edlund is, indeed, quite right when he remarks that the 
magnetic balance in the relay of the sending station is disturbed, 
whilst the key of the receiving station passes fix)m one position of 
Test to the other. In his calculation, however, he overlooks the 
fact that in practice we have not to do with perfectly ibsulated 
lines as he assumes them to be. The greater, however, the leaks 
on the conductor employed, the less completely will its infiuence 
on the variations of resistance at its end depend on the strength 
of the battery current. Nevertheless, Mr. Edlund would be 
right in reducing this constantly disadvantageous influence as 
much as possible if other considerations were not opposed to it. 
These are, that both in consequence of imperfect insulation of the 
line and of the electrostatic charge of the wire preceding the 
steady development of the galvanic current, the current traversing 
the branch wire of its own relay becomes much stronger than 
that portion of it which reaches the windings of the distant relay, 
and that the first named much stronger current must be at every 
moment in equilibrium with its branch current. As now in a 
large coil of thin wire, the development of the current on making 
contact becomes considerably reduced in speed by the induced 

VOL. I. o 
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current^ as Mr. Helmholtz * has shown bj measnrements, whilsfc 
it occurs mstantaneonsly in the compensation coil consisting of a 
few windings, it is clear that in this respect equally long branch 
wires wound together have an advantage over Mr. Edlnnd's 
proposed unequal coils. That the retardation of the commencement 
of the current has no inconsiderable effect follows from the fact 
that duplex working hardly ever succeeds with the previously 
known methods, when the magnet coils of any intermediate 
stations are interpolated in the line. This, then, has hitherto 
been the most essential hindrance to the general use of duplex 
telegraphy. 

I have no wish to deny hereby in any way that a diminution of 
the resistance of the compensating branch is applicable in 
the majority of cases ; I only assert that this question is too 
complicated to be decided otherwise than by practical experi- 
ment. We, therefore, did not hesitate to depart from our previous 
practice, and to adopt the idea of equality of both coils as indi- 
cated by Mr. Frischen on account of his large experience in the 
use of duplex instruments on long lines, as the object was to 
establish a common uniform construction. 

The calculation by which Mr. Edlund proves that the increase 
of the power of the battery, which becomes necessary owing to the 
reduction in the resistance of the compensating circuit, does not 
essentially enter into the question, as it is based on the assump- 
tion of completely insulated conductors. Practical constructions 
must, however, be based upon what is most unfavourable. If 
duplex telegraphy is to be brought into general use, it must be 
made safely practicable, when only a small percentage of the 
current sent into the line reaches the further eud. As, however, 
as a rule batteries of very low resistance were employed, the tempo- 
rary objection raised by me against the reduction of resistance of 
the compensation circuit is indeed rather unimportant. 

Finally, Mr. Edlund attacks my statement that the strengths 
of the current in the line vary with the amount of the polarization 
of the inconstant battery employed, and seeks to show by a calcu- 
lation which is incomprehensible to me, that the reduction of the 
line current brought about by the polarization of the battery is 

• Pogg. Ann. LXXXIII. p. 505. 
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independent of the amount of such polarization. As^ however, 
the polarization affeots the calcnlation as a redaction of the electro- 
motive force of the current, therefore, self -evidently, the strengths 
of the current in all the branches of the circuit must be reduced 
proportionallj to the amount of polarization. If then, in one 
case, the amount of polarization is, according to Mr. Edlund, 
equal to^, and in the other to np^ the strengths of the current 
diminish in all the branch circuits of the battery — consequently 
also in the relay of the distant station — from the commencement 
of the current up to the moment in which the electromotive force 
of the batteiy is diminished respectively by the amount p and np 
in the proportion of these reductions. If, therefore, the reduction 
of the incoming current is in the one case equal to|7, and in the 
other case equal to np,\t is not, therefore, independent of the 
amount of the polarization as Mr. Edlund asserts, but directly 
dependent on it. 

The arrangement, described by Mr. Edlund in his remarks, for 
regulating the balance of both coils by varying the number of 
windings which belong to one or other coil, is very ingenious, 
and, notwithstanding the great complication of the construction, 
can frequently be used with advantage. 

Finally, I wish to take advantage of the present opportunity to 
rectify an erroneous statement I have made in a remark in my 
paper. I objected to an assertion of Mr. Stark referring to 
another matter, regarding the opinion that it was not possible to 
use the same wire at the same time for duplex and diplex speaking, 
t\& both were based on the variation of the strength of the current 
in the line. This is quite correct, but not the deductioli from it. 
As the three batteries of the duplex sending station combine their 
currents with that of the other, there arises a sufficient number 
of currents of different strength to keep the signs of the four 
apparatus distinct. Naturally, there can never be any question of 
the practical application of the theoretical possibility of simul- 
taneous diplex and duplex speaking. 
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84 THE SCIENTIFIC PAPERS, ETC, OF 



COEEECTION OP THE FINAL REPLY OP MR. 
EDLUND ON THE DUPLEX TELEGRAPH.* 

NoTWiTHSTANDiNa my answer to his remarks, Mr. Edlnnd 
mamtains three of his charges, and hence compels me, and more 
especiallj on account of the summary tone of his final reply, to 
make a short, bat I hope, intelligible correction. 

Although I have conceded to Mr. Edlnnd, that compensation 
coils of less resistance than that of the line are more advantageous 
in many respects, and although I have over and over again stated 
that Halske and I have only lately departed on account of com- 
parative experiments from our original construction, in which we 
employed compensation currents of greater strength, Mr. Edlnnd 
again takes the trouble to repeat his preference for them. I stated 
in my answer that the extra current of the magnet coils, the 
induced currents produced on long overhead conductors, and the 
always more or less imperfect insulation of the wires must be 
taken into consideration in the theoretical comparisons of both 
constructions, and showed that the question was too complicated 
to be settled in any other way than by comparative experiments. 
Mr. Edlnnd takes notice in his final rejoinder only of the 
objection of imperfect insulation of the conductors, certainly 
allows that it in part compensated the disadvantage of large com- 
pensation coils, but asserts that it was only slight in the lines in 
question, and informs me that the phenomena of the galvanic 
current are sufficiently known to admit of previous calculation of 
the actions of different coils. 

As Mr. Edlnnd has only taken notice of one of the arguments 
brought forward by me, and as it is precisely the imperfect insu- 
lation of the conductors, and the consequent passage of the 
current from one conductor to the other, together with the dis- 
advantageous influence of the extra current that have hindered 
the general use of the duplex and diplex methods, the question 
whether a greater or less compensating resistance is more advan- 
tageous has at present no further practical interest, and it is not 
worth while to make more searching calculations on the subject. 

* Poggendorff's Annalen der Fbys. a. Chem., 1867, p. 66S. 
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Mr. Edlund agrees that the battery power must be increased 
with compensating coils of low resistance to make the line current 
as strong as in the other case. He calls this incarease insignificant. 
I asserted that it becomes more important when the insulation of 
the conductor is bad. Mr. Edlund says it is impossible for him. 
to conceive what I meant to say by this. If half the current is 
lost through derived circuits^ the battery must be double as 
powerful, in order that the incoming current may have sufficient 
strength. Hence, if the battery has to be increased on well 
insulated conductors, say by 10 cells, when compensating wires of 
low resistance are employed, it must be increased by 20 when 
half the current is lost. As now an increased employment of 20 
cells is of greater consequence than one of 10 cells, the correct- 
ness of my remarks cannot be called in question. Besides, the 
number 20 is further increased, when account is taken of the 
resistance of the additional cells. 

Finally, Mr. Edlund advises me to read again through his 
calculation, which is to prove that the reduction of the line 
current by polarization of the battery would not be increased by 
strengthening the battery current, and hopes that I shall then 
understand it. 

I had made use of the expression that it was incomprehensible 
to me, because I thought that Mr. Edlund had only overlooked 
the mistake which had occurred in it, and that it would he 
sufficient to draw his attention to it. As, however, he again 
maintains the correctness of his calculation, and asserts that mine 
only proves his assumption, I can no longer avoid a closer con- 
sideration of the very simple physical fact in question. 

The current of a variable battery divides itself into two branches, 
of which one traverses the line, the other a branch wire. This 
branch wire has in one of the two cases considered the same 
resistance as the line, in the other a considerably lower resistance. 
The battery is, in the second case, increased to such an extent, 
that the original line current is as great as in the first case. Now 
Mr. Edlund wishes to show, by his calculation, that the diminu- 
tion of the line current through the polarization of the battery is 
exactly the same in both cases, although the polarization is propor- 
tional to the current of the battery, consequently in the second 
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case is macli greater than in the first. He says in his remarks, 
vol. viii., p. 686 : 

** If the resistance of the derived circnit is eqaal to that of the 
whole line, half of the current passes on to the next station. We 
can consequently represent the whole current by 2, and each of its 
two portions by 1. If the polarization of the battery is represented 
by 2 }7, a reduction will take place in the current passing to the 
further station equal top etc." 

In this '' equal to ;? " lies the error of the calculation. The 
diminution is not equal to p, but proportional to 2^. If then in 
the second case the polarization is equal to 2 n p, as Mr. Edlund 
assumes, the diminutions of the current are in both cases as 
2 p :2 np, consequently as 1 : n, or as the current strengths of 
the batteries. 

As Mr. Edlund is not convinced of the incorrectness of his 
calculation, from the calculation already given by me in my 
remarks, I will explain the desired proportion of the current 
strengths in a -more general fonn. 

Let 8 and a' be the strengths of the sent and received currents 

in the one case, and s and s" in the second case, then - — « 

8—8 

is the desired proportion of diminution of current. If now the 
battery consists in the first case of n, and in the second case of m 
cells, of which each has the electromotive force e ; if further the 
resistances of the line of the branch wire and of the battery are 
represented in the one case by /, w and W, and in the second case 
by Wy ufy and W, and further, the polarization of a cell of each 
battery by p andjt?', then — 

s = ne . p|= ^,=neW, and 

w' 
« = wc^-j — =^==j ^m,8^' 

whence n W = m W. Further : 

«' = (ntf-»j[?) W 8*'^{va8-\-mp^ W, and 

«-«' _ njt?W _ p 
8 - «'' mp' W' Y 

Hence the reductions of stren^i^th of the currents are as the 
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polarization of equal number of cells of the batteries emplojed, qr 
as the final strengths of the current of the batteries. 

Perhaps Mr. Edlnnd has not intended to represent by 2 J9 and 
2 nj9 the polarizations themselves, but the opposed currents which 
may be substituted for them, and which will produce equal 
diminutions of current, without considering that they make their 
appearance in circuits of different resistance, and are therefore 
inversely as their squares. 



ON ELECTEOSTATIC INDUCTION AND RETARDATION 

OF THE CURRENT IN CORES.* 

Sevebal years ago I described in this Journal, Vol. LXXIX., 
1850, p. 481— Annales de chim. et de phys. 8"« Ser. t. XXIX. p. 
385, and elsewhere, the phenomenon of a strong current of slight 
duration occurring when a well-insulated telegraph wire is joined 
up to the firee pole of a galvanic battery, the other pole of which 
is to earth. I also showed that this phenomenon of the influence 
action of voltaic electricity in the wire is to be ascribed to the 
dampness of the earth on the outer coating of the wire, acting 
as an outer coating to the core, and must also occur when one end 
of the wire is put to earth. The diagrams of charges which 
accompanied my paper, published at that time in this Journal, 
gave a complete explanation of the relative amount of electricity 
which existed statically at each point of the outer covering of 
insulated and of earthed underground wires or cores, when the 
thickness of the wire and of the insulated covering remained 
unchanged. 

I was prevented at that time by other occupations, and later by 
being engaged in replacing the former underground telegraph 
wires by overhead lines, from f mrther following up the experiments 
on this subject and supplying the deficiencies I had mentioned. 
But since the method proposed by me in the year 1847, of 
insulating telegraph conductors by covering them under pressure 

* PoggendorlTs Ann. d. Phys. u. Chem., 1857, Vol. CII. p. 66. 
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with gutta-percha, has been taken up in England with better 
material than was at our disposal at that time, and has been 
frequently employed for underground and especially for submarine 
cables, general attention has been directed to the electrostatic 
charge of these wires, and to the consequent retardation of the 
electric current at the further end of the line. Without knowing 
of my communication, celebrated English physicists and mathe- 
maticians, especially Faraday, Wheatstone, and Thomson, have 
made the electrostatic charge and the retardation of the current 
in cores the subject of their study, and have published very 
valuable memoirs thereon, by which partly my earlier observations 
have been fully confirmed and extended, and partly, especially by 
the calculations made by Thomson, the gaps left by me have been 
filled up. 

I shall frequently refer to these new labours in the second part 
of my paper. Previous to their appearance, I was ahready engaged 
upon experiments on electrostatic induction due to voltaic elec- 
tricity, which, as explained, were often stopped owing to other 
engagements. I was led to examine them because of phenomena 
which I was not able to bring into agreement with the influence 
theory formerly existing. The labours of the English physicists 
above referred to further strengthened me in my design, as they 
proceeded (especially Thomson in his calculations) entirely upon 
the theory set up by Faraday of molecular induction as the cause 
ojf electrical influence, without giving further proof of its correct- 
ness than formerly existed. My object was simply to discover and 
confirm by purely experimental means the laws of electrostatic 
induction by voltaic electricity, so as thus to obtain a safe basis for 
practical constructions. I certainly could not avoid scientific 
considerations and side issues about the theories which are founded 
on experiments with electricity of high tension, but I only place 
an important value on them in so far as they render clearer the 
results obtained for voltaic electricity. 

Yolta has already shown by his condenser experimeuts, that 
bodies brought into contact with the insulated pole of a galvanic 
battery act on neighbouring conductors. Ouillemin * first published 
experiments, from which it followed, that the charge of a jar 
charged by voltaic electricity, when passed through a galvano- 

* Compt. rend« YoL XXIX., p. 682 ; Ann. Vol. LXXIX., p, 835. 
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meter, was able sensibly to deflect the needle pf the instrament. 
I had certainly already observed in the snmmer of 1849 that the 
strong deflection of the needle of a galvanometer which was joined 
up between an insulated core lying in damp earth or water, and a 
galvanic battery with one pole to earth was due to an electrostatic 
charge of the core, and this opinion, as well as the experiments on 
which it was founded, was communicated to the Berlin Academy 
of Sciences on the 18th January, 1850 ; my paper was, however, 
printed later than that of GuiUemin. He joined the tinfoil 
coatings of a condenser made of thin silk or gutta-percha of one 
to two square metres surface alternately in quick succession with 
the poles of an insulated galvanic battery and the wires of a galvano- 
meter. This was effected by means of a disc commutator, which 
was set in rapid rotation. He found in this way that the needle 
of the galvanometer was deflected, and that the amount of this 
deflection increased with the velocity of rotation of the commutator 
and the strength of the battery. Experimental measurements 
were not made to my knowledge, either by him or others, before 
this. For the experiments made in the year 1849, 1 made use of 
existing underground telegraph conductors. These were insulated 
at the further end, and the near end joined up alternately by means 
of a commutator to the free pole of a galvanic battery, the other 
pole of which was to earth and to an earth wire. The wire of the 
galvanometer inserted between the underground conductor and 
the conmiutator was consequently alternately traversed by charge 
and discharge currents. If the time of charge was small as com- 
pared with the time of oscillation of the needle, the sine of half the 
angle of deflection could be taken as a measure of the quantity of 
electricity which had passed through the galvanometer. It was 
consequently also the measure of the amount of charge. I obtained 
in this way very accurate results with conductors which were not 
too long, and very well insulated. It appeared that the deflection 
for the charge was as great as that for the discharge. The charge 
was further proportional to the length of the conductor, and to the 
electromotive force of the battery used. 

For more exact measurements this method was not available, 
both on account of local difficulties, and because the long con- 
ductors were not sufficiently well insulated, and the charging 
currents lasted too long. 
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Mj later experiments were in the first instance only directed to 
determine the relative magnitude of the charge of cores^ having 
different sizes of wire and insulating covering, as well as the 
charge between twin wires, which lie at a small distance from one 
another, in the interior of a common covering of gntta-percha of 
oircalar or elliptic section. With this object I had several wires 
of a mile in length prepared, the insulating gutta-percha covering 
of which varied in thickness within practically applicable limits. 
These wires were wound on wooden drums, and laid in a wooden 
trough lined with zinc, which was filled with water. If now a 
galvanic battery of 20 to 60 Daniell cells, and a single-needle 
galvanometer with 24,000 convolutions, are inserted between such 
an insulated wire and the zinc of the trough, I obtained deflections 
of the needle sufficiently large for measuring the charge. 

I soon convinced myself, however, that I could obtain no safe 
and generally satisfactory results in this way. The least imper- 
fection in the insulation had a very important influence on the 
amount of the deflection of the needle, which could not be accounted 
for by the variability of the current passing through the gutta- 
percha. The duration of the charging current was besides large 
enough to exercise an influence on the deflection of the needle* 
Finally, it happened that the results of the measurements were so 
decidedly different from what was to be expected from theory, that 
a more general enquiry of the occurrence of electrostatiq induction 
with voltaic electricity was requisite. 

In this enquiry I have employed the method used by Guillemin, 
passing a continual series of charge and discharge currents through a 
sensitive galvanometer. In order to adapt this method to exact 
measurement, a commutator had to be made, which would efiect 
the commutation un&ilingly and with absolutely constant velocity. 
I made use for this purpose of the same mechanism that I used 
for my dial telegraph with automatic current break, which I have 
frequently described. I was led to this by the observation made 
with this telegraph that the speed of the instrument was only very 
slightly affected by the strength of the current. This is explained 
by the circumstance that with greater strength of current the 
attraction of the armature is certainly effected more quickly ; its 
return, however, is so retarded by the stronger remanent mag- 
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netism thafc the time of the whole oscillation remains ahnost 
nnchanged. Figs. 9 and 10 show the antomatic commutator in 
plan and elevation half size. 

The piece of iron i^ serving as armatore oscillates between 
the poles a and a' of the electromagnet placed nnder the 
base of the apparatus. It rotates about the vertical axis e. 
The horizontal arm d is fixed to the axis, and moves the toothed 

Kg. n. i 





wheel/ through the spring pawl e, and shortly before its oscil- 
lations are checked by the stop-screws m and n, moves the slides 
h and V by means of the contact pieces i and f"^ provided with 
insulating stones. These slides rotate about the axes I and f . 
Their motion is limited by the contact screws m and n and m' 
and n' respectively. The spring end of the slides k and V is 
provided with a rounded point of glass-hard steel, which on each 
motion of the slide must pass from one contact to the other over 
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the edge of a flat stone prism. In Fig. 11 this mechanism is 
shown by itself. The force with which the point tries to shp 
down the inclined surface of the prism, keeps the slide in firm 
contact with the contact screws, limiting its motion. As already 
mentioned, the jewels of the metal pieces festened to the lever d 
strike upon the flanges o and^ and o* p\ fixed for this purpose to 
the slides, just before the completion of each oscillation, and con- 
sequently when the velocity of the lever is at its greatest. The 
time which the slides require to travel their short path is, therefore* 
exceedingly small. It is still necessary to mention the use of the 
spring g fixed to the lever d, and the screw h standing opposite to 
it. They serve to accelerate the oscillations. The screw is so fixed 
that the spring strikes it, when the armature following the 
attraction of the magnet pole has travelled over about two-thirds 
of its course. The spring must consequently bend, and so in- 
creases the strength of the spiral spring q opposing the attraction 
of the magnet pole. It would be more accurate to employ instead 
of the two springs/^ and q^ a single spring so short that its strength 
augments proportionately to the attraction of the magnet, which, 
however, cannot be carried out. The wheel / is provided with 
€0 teeth, the number of its revolutions per minute gives therefore 
the number of double oscillations per second. The slide h and 
the contact screw m form part of the circuit of the battery, which 
sets the apparatus in motion. It consists of from three to four 
Daniell cells. If the springs g and q are rightly adjusted, the 
oscillations follow one another very quickly and quite uniformly, 
as is shown fi:om the following series of experiments. The 
slide Td as well as its contact pins, are well insulated with 
ebonite. They form together a simple, quick, uniformly woridng 
commutator. 

For testing the apparatus, I set it to work with three Daniell 
cells. This is carried into effect by means of a key exactly at the 
moment that a magneto electric clock in the room is on the stroke 
of a minute. On the stroke of the second minute, the key is again 
opened, and by means of a counter and index the number of 
oscillations made is read off. The apparatus is then set in 
motion again, and each time after an interval of an hour the 
experiment is repeated. I obtained the following figures in this 
way : — 
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Time. 


Namber of OscllUtlona 


In 2 MlnntM. 


1 
Per Second. 



1 
2 
8 
4 


7281 
7250 
7216 
7211 


1 

60-25 
60-41 
60-12 
60-08 



The small differences can be snfSciently explailied by the 
difficulty of making and breaking contact exactly at the moment 
the clock ifiheardy by yariations of the current, and by the not quite 
constant work the magnetism must perform to move the wheel 
and counter. In my later measurement I therefore omitted botb» 
and satisfied myself of the uniformity of the motion of the com- 
mutator by a method to be described later on. 

The galvanometer employed is a carefully constructed sine 
galvanometer, with prismatic telescope of treble power, by which 
I could set the needle with great accuracy to one-tenth of a division 
from the zero line ; with a vernier divided into five parts I could read 
^-' and estimate tV*« The galvanometer is wound with two wires, 
the ends of which are brought to insulated terminals, so that I 
could connect them up in parallel, singly or in series. The galvano- 
meter was well insulated with blocks of ebonite, carefully placed 
horizontally, and the suspension of the thread brought into the 
axis of rotation« To get rid of any slight eccentricity in the 
divisions, I used as a rule for each experiment two deflections 
with the direction of the current reversed, and took the mean. 
When using astatic needles, to which I always allowed sufficient 
directive force, the zero point was re-determined after each 
reading. The current was reversed by a commutator placed near 
the instrument. By means of a second commutator placed near 
the battery, the connections could be quickly changed, so that 
any current through the insulating material passed directly 
through the galvanometer. The batteries I used were exclusively 
Daniell cells. They were recharged every second day, and then 
remained sufficiently constant throughout the day. I always 
carried out comparative observations immediately after one another. 
At the commencement and end of each series of observations, I 
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noted the deflection of the needle by the continnous discharge of a 
nnit jar. If it was not unaltered the intermediate observations 
were repeated. This served to prove that no alteration had taken 
place in the instruments and batteries. This process also gave a 
means of comparing the observations made at different times, of 
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Fig. 13. 
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Fig. 14. 
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Fig. 15. 
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which, however, I but seldom made use. In the following tables 
of observations, the numbers in the first column headed n signify 
throughout the number of cells used. In the first table the readings 
of the vernier of the divided circle are given. In the later ones, 
only the half-difference of both readings is given. The sine of 
this angle is proportional to the quantity of electricity which has 
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passed through the galvanometer in the nnit of time, and oonae- 
qnently with a constant action of the electromagnetic commatator 
is also proportional to the amonnt of each separate charge 01 dis- 
charge, it being assumed that the magnetization of the needle 
oodei^oes no variation. 

The connections used for these measurements are represented in 
Figs. 12, 18, and 14 : a and b are the coatings of the jar or con- 
denser, the charge of which is to be tested, c is the oscillating 
tongne of the commntabor, d and t Its insalated contact stops, / the 
galvanometer, g the batterj. If the commutator was arranged as 
in digram 1, the galvanometer was joined np with the battety 

Fig. 16. 



directly between the condenser plates or the coatings of the jar, 
and the least imperfection in the insolation would show. The 
position 2 of the commutator conducte all charges, position 3 all dis- 
chaiges through the g^vanometer. As the first series of experiments 
proved the exact equality of the charge and discharge currents 
when the insulation was perfect, I made use later of dischaige 
diagram 3 only. 

The condenser employed for the following experiments consisted 
of a piece of mica 0'98 of a square decimetre and O'l"" thick, 
which was covered with tinfoil on both sides, so that 5"" width 
of the edge remained uncovered. The condenser was placed on an 
insulated metal plate, whioh was in connection with the tongue of 
the commntater. The upper coating was connected by means of an 

VOL. I. H 
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insnlated wire with the battery and galvanometer, bo that the 
point of contact oonld be displaced at pleasure. Farther, I conld 
connect a wire leading to the gas-pipe at pleasure with one or other 
coating. A rheostat was joined np in the wire leading from the 
coating a to the commutator e. This is specially shown in Fig. 16. 
It consists of a thin German-sQver wire covered with silk, which is 
wound on two rollers A and B. After a resistance of one German 
mile, expressed in terms of an iron wire two English lines in dia- 
meter, had been wound on the small coil A, or a resistance of 
t^ German miles on the lai^ coil B, a branch wire was attached 
to it, which passed through the wall of the coil to a terminal. 
This branch wire was repeated after each further winding of one 
mile in the case of the small coil, and of ten miles in the case of 
the large one. By means of a plug the terminals can be readily 
put in connection with one wire of the circuit, the other end of 
which is permanently connected to the beginning of the insu- 
lated wire. By this means any resistance from 1 to 99 miles 
could be put in circuit. 

TABLE I. 



1 


2 


8 


4 


6 


6 


Nnmbsr of 

DanieU 
Elements. 


Beading 

of Sine 

Galvanometer. 


Deflection 
of Needle. 

a. 


Rino. 


Sln« 1^ 


Differenoea. 





277-4 










8 


282-6 


6-1 


0-0089 


29 


+ 0-7 


4 


284-1 


6-7 


0-1166 


29 


+ 0-7 


5 


286-7 


8-8 


0-1443 


29 


+ 0-7 


6 


287-8 


9-9 


0-1719 


28 


-0-3 





277-4 










7 


288-9 


11-6 


1-1994 


28 


-0-3 


8 


290-6 


13-2 


0-2283 


23 


-0-3 


9 


292-4 


15-0 


0*2688 


28 


-0'3 


7 


289-0 


11-6 


0-2010 


29 


-0-7 


8 


282-6 


6-2 


0-0906 


SO 


+ 1-7 





277-4 










18 


307-2 


29-8 


0-4970 


27 


-1-3 


12 


296-7 


19*8 


0-3004 


27 


-1-3 


12 


296*9 


19-6 


0-3338 


28 


-0-8 


21 


811-7 


34-3 


0-6636 


27 


- 1-3 


8 


282-6 


6-2 


0-0906 


SO 


+ 1-7 



In carrying out each experiment of this table, after the needle 
had been again brought back to zero by turning the galvanometer. 
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the whole resistance of 99 miles was inserted, and the position of 
the needle again observed ; the conductor was then connected np 
to the gas-piping, and the wire touching the outer coating then 
shifted from the middle to the outermost edge of the coating ; 
lastly, the circuit was so connected up that instead of the discharge 
the charging current was sent through the galvanometer ; with all 
these alterations the deflection of the needle was not altered in the 
least. From column 4 it follows : that the deflection of the needle 
is proportional to the number of cells, and consequently to the 
electromotive force of the battery. The slight reduction of the 
calculated values for the deflection with one element with increase 
of the battery, continues in the later series of experiments when 
the mean of two readings was taken with the direction of the 
current reversed, and is consequently to be looked upon as an error 
in the instrument. 
The following conclusions may hence be drawn : — 

1. The charge of a condenser, or the quantity of electricity 
collected on its surfiM^ is proportional to the electromotive force 
of the batteiy. 

2. It ]& independent of the resistance of the connecting wires, 
and independent of the place where the connecting wire touches 
the coating of the condenser. 

8. It is not altered by connecting one battery pole or one of the 
two coatings to earth. 

The first of these conclusions requires no further comment. 
That the charge of a condenser is proportional to the electric 
force of the battery, or the density of the electricity of the 
inexhaustible source from which it is charged, was to be expected, 
and was analogous to the behaviour of fHctional electricity. The 
second shows that the duration of the separate charges or dis- 
charges was in this case less than about i^^ of a second, ».^., 
the duration of a half oscillation of the commutator, even 
when the time of charge was made considerably longer by the 
insertion of a resistance of 99 miles. There is nothing unexpected 
either in the third conclusion ; still it was very surprising to me 
that the position of the point of contact of the conducting wire 
with the insulated condenser-plate was without any influence on 
the amount of the deflection of the needle. On the contrary, it 

appeared probable to me that the charge would be at its greatest 
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when the middle of the coating touched the conducting wire, and 
that it would be all the smaller the more the point of contact was 
shifted to the edge. This was, however, by no means the case. 
The position of the needle remained quite unafiTected so long as. 
the leading wire was only in contact with the coating, even when 
only the outermost point of the rectangular tinfoil coating was in 
contact \\ith it. I have varied the experiment in many ways with 
condensers and Leyden jars of the most various forms and sizes* 
but always with exactly the same result. For the success of my 
experiment, this result — that is, the independence of the charge 
of a condenser on the position of the conducting wire — ^was very 
important, since the experiments divested of this consideration 
were much more simple and reliable. 

An examination of the above series of experiments removes at 
the same time many doubts which might be raised against the 
certainty of my experimental method. One of the most important 
would certainly be whether or not the ratio of magnetism of the 
astatic needles employed was permanently or only temporarily altered 
during the discharges. The greatest care has, indeed, always been 
taken to make sure against any errors arising from this cause. 
Only thoroughly glass-hard magnet needles of crucible steel (which 
is specially suitable for the production of steel magnets) were 
found sufficiently constant with strong discharge currents. This 
was quite evident, since the time of oscillation of the needles, and 
also their zero position remained unaltered. If a temporary 
change had occurred in the magnetism of the needles, the deflec- 
tion would have been changed by the insertion of a consider- 
able resistance in the circuit of the galvanometer. With very 
powerful batteries and very weak condensers, I have indeed observed 
this phenomenon, when the discharge current had only to overcome 
the resistance of the galvanometer wire. As the time of oscillation 
and the position of the needles were not thus altered, it must be 
assumed that the strength of the current was quite sufficient to 
change the magnetism of the needle, especially that of the inner 
one, but that the duration of the current was not, however, suffi- 
cient to render this altered magnetism permanent. That the 
duration of the magnetizing current is of considerable importance 
as regards the amount of the permanent magnetism is a well- 
known fact. It is hence quite conceivable that a powerful current 
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of very short daration, like the discharge current of a Leyden jar, 
may momentarily completely destroy or reverse the magnetism of 
a needle ; that, therefore^ the electromagnetic action of this current 
on the needle does not occnr to the anticipated degree, or hardly 
at all ; but that nevertheless the permanent magnetism of the 
needles is hardly at all or only slightly altered when the discharge 
current has ceased. This, then, points to the conclusion that as 
regards its magnetic coercive force hard steel with currents of 
very slight duration is similar to imperfectly elastic bodies. In 
order to be quite assured against such disturbances of the measure- 
tnents, I have lately always inserted the resistance of 99 miles in 
the circuit of the galvanometer, and connected besides with the 
galvanometer wires, the coatings of a battery of nine Leyden jars 
or of another condenser of considerably greater capacity, so that 
the charge to be measured had to spread, itself over the coatings 
of this condenser before it passed through th^ resistance coils and 
galvanometer wire. The discharge current was consequently of 
longer duration and proportionately smaller - intensity. Neither 
the use of such a reservoir in connection with the wireof the 
galvanometer, nor yet the insertion of a resistance, is of any 
influence on the amount of the deflection of the needle, since the 
time of discharge is always considerably less than the time of 
oscillation of the commutator. 

From the independence of the deflection of the needle on the 
amount of the resistance inserted, it could easily be concluded that 
the nature and position of the leading wires had no effect on it. 
This is, however, only the case as regards the wires leading from 
the condenser to the galvanometer, and not as regards those from 
the battery to the commutator and condenser. These last form a 
condenser of themselves, as will be further discussed later on, the 
current charging which also passes through the galvanometer and 
deflects the needles. I therefore altered my first arrangement and 
placed the commutator and condenser quite close to the batteiy, 
and always satisfied myself beforehand by means of experiments 
with very sensitive needles, made with the condenser excluded, of 
the action of the leading wires alone, and afterwards brought this 
into the calculation. The length and form of the conducting wires 
have, on the other hand, no influence on the amount of the charge 
of the condenser itself. If I measured the charge of a certain 
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condenser with short leading wires, and afterwards employed as 
battery wire a copper wire 1™™ thick and 50 metres long, freely 
suspended between the buildings of the station, the charge in- 
creased with an unchanged battery, quite independently of the 
capacity of the condenser by a constant amount, which exactly 
agreed with the charge of the leading wire alone. 

To make more certain of my method of research, and at the 
same tune also to show experimentally that my assumption that 
the charge at each point of the surface of a core connected to 
earth, was proportional to the electric force or density at this 
point, according to Ohm's electroscopic law, I made the following 
series of experiments : — 



TABLE II. 



1 


2 


8 


4 


5 


6 


7 


8 


Number of 










8in< 


lated. 




Etementa. 


w. 


yf. 


Baading. 


a. 


Obterved. 


DlffiDrenoea. 


8 


200 


800 


805-61 
256-0 


-24-8 


0-4198 


0*424 


+0-006 


8 


800 


700 


258-8 1 
805-5 


22-8 


0-8794 


0-871 


-0-008 


8 


400 


600 


299*61 
262-4 


-18-6 


0-8189 


0-818 





8 


500 


500 


265-4 
296-2 


-15-4 


0-2655 


0-265 





8 


600 


400 


268-81 
294-0 


-12-6 


0*2180 


0-212 


- 0-006 


8 


800 


200 


275-6 \ rt.rt 
287-6 ] ^ ^ 


0*1045 


0'106 


+ 0-002 



The arrangement of circuit used for this purpose is shown in 
Fig. 17. The circle m? «^ is the conducting wire ; the battery B is 
permanently connected up to it ; the tongue of the commutator 
A is in connection with the knob of a Leyden jar C, and one 
contact of the commutator with the galvanometer D. The other 
galvanometer wire, the outer coating of the jar, and one pole of 
the battery are connected together and with the earth. The wire 
connected with the other contact of the commutator is led to the 
point of the circuit, of which the electroscopic force is to be 
measured. If E is the electromotive force of the batteiy, then. 
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according to Ohm's law, the electric force a: = -— , when 

w and uf represent the resistances from the point of the wire where x 
is to be measured up to the batteiy. As a test wire I made use of 
a resistance coil of covered Oerman-silrer wire, the resistance of 
which was almost exactly divided into ten parts, the resistance of 
each of which was eqnid to that of an iron telegraph wire 2"^ 
thick and 100 Bussian versts long. Column 1 gives the number 



Fig. 17. 




of cells ; 2 and 3, the resistances w and to' ; 4, the readings of 
the divided circle of the sine galvanometer ; 5, the half-diflference 
of the same, consequently the measured angle of deflection a; 6» 
the sine of this angle, which corresponds with the amount of the 
charge of the jar, and consequently with the dendfcy a? ; 7, the 
values calculated according to the formula. The constant i^ 
calculated for each measurement and the mean of all taken ; it is 
equal to 0*53. The close agreement of the observed values proves 
the correctness of my assumption, and increases one's confidence 
in the method of measurement employed. 

I now passed to the determination of the dependence of the 
charge on the form and size of the condenser. 

The following series of experiments is made with a battery of 
nine jars, each of which had an internal coating of 13 square 
decimetres and 4™™ thickness of glass; n represents the number 
of Daniell cells employed ; 9 the number of jars ; a the measured 
angle of deflection. 
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TABLE IIT. 



Number of 

Elements 

used. 


Number 
of Jan. 


Deflection 
of Needle. 


Sin a. 


Bina^ 


n. 


s. 


. «. 






8 


9 


32-2 


0-6328 


0-074 


8 


8 


27-5 


0-4630 


0-072 


8 


7 


24-4 


0-4130 


0;073 


8 


6 


20-8 


0'3660 


0-073 


8 


5 


•16-4 


0-2828 


0-070 


8 


4 


18-2 


0-2283 


0-071 


8 


8 


10-0 


0-1736 


0-072 


16 


8 


20-7 


0-3534 


0-073 


18 


5 


'42-3 


0-6729 


0-074 



The sufficiently constant valnes of the last column prove that 
the charge of a battery of many jars is in proportion to the 
product of the number of jars into the electromotive force of the 
battery, as was to be expected. When I placed the jars in series, 
instead of in three series close to one another as usual, the amount 
of charge was not altered in the lea^t. This proved to be a con- 
firmation of the independence of the charge on the disposition 
and form of the leading wires abready observed, and made it 
appear more likely to me that with electricity of low tension the 
capacity of the condenser was dependent only on the amount of 
the surface, provided the thickness, nature, and form of the 
insulating material remained unaltered. I have found the absolute 
correctness of this assumption fully proved and everywhere con- 
firmed. To avoid repetitions, I defer nevertheless the experimental 
proof of this point, since the experiments made thereon will 
serve at the same time to answer some questions to be discussed 
later on. 

In order to discover the influence of thickness of the insulating 
layers separating the two parallel coatings of a condenser, I had 
several plates of glass V^ thick prepared, ground almost 
parallel, which were all 0*26™ long and 0*21^ broad. I 
satisfied myself that the thickness of these plates was sufficiently 
exact by a gauge which measured with accuracy to t^""*- Two 
such plates were provided with two tinfoil coatings, exactly 
opposite to one another, 0*84™ long and 0*18"* wide. The 
measured charge gave for both almost exactly the same capacity. 
Two other plates were now provided with a tinfoil coating of the 
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above dimensions only on one side. One snch plate covered on 
one side was placed upon insulated supports 6^" high, and its 
coating oonnected with the tongue of the commutator. If now a 
battery pole was placed in connection with the one, a galvanometer 
wire with the other contact screw of the commutator, the needle 
was deflected, and the amount of the deflection was proportional 
to the number of cells of the battery employed. The deflection 
diminished when the glass plate was kept as free as possible in the 
middle of the room, and was greater the nearer it was brought to 
its walls. With a very sensitive pair of needles and a battery of 
54 Daniel! cells, I could show the same phenomenon with almost 
any insulated conductor, which was put into connection with the 
oscillating tongue of the commutator. I was therefore in a 
position to measure by means of the galvanometer, the so-called 
free electricity which was accumulated by the electric potential 
of the insulated pole of the battery on the upper surface of a 
chosen cpnductor, and to compare it quantitatively with a static 
charge of electricity.- The^importimt influence of the greater or 
less proximity of the walls on the quantity of this free electricity 
made it appear very probable to me that it was entirely a charge 
between the conductor and the conductive walls of the room in 
which it was placed, just as Faraday is known to have assumed it 
to be. 

The charge of a conductor evidently consists then of two parts, 
the charge between the insulated coating and the walls of the 
loom, and that between the insulated and non-insulated coating. 
The galvanometer measures the sum of both these. To find the 
latter, I managed so as first to ascertain the free electricity of the 
insulated coating, and then the total charge, whilst the second 
coating which was previously insulated was connected to earth. 
From this total charge, half the charge of the insulated coating 
was deducted. That only half is to be deducted follows from the 
consideration that the coating connected to earth may be con- 
sidered thick enough to reach to the wall of the room, without 
the charge being thereby increased ; so that there only remains 
the amount of the charge of the side of the insulated coating 
turned away from the walls of the room to be taken into account. 

To explain the following series of experiments with seven glass 
plates 1™™ thick, I have to remark that the plates, thoroughly 
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cleaned, were moistened with rectified oil of turpentine, and then 
well rubbed together to remove any adhering air. The plates so pre- 
pared were placed between two plates of vulcanized india-rubber, 
and loaded with a 10-pound metal plate. To determine the 
charge between the coatings of a single glass plate, it was pro* 
vided with a second coating fixed to the glass in the usual way. 

TABLE IV. 



1 


2 


8 


4 


5 


6 


Number 
of PUtes. 


- 


Sin a. 


2 


[sin.-?!?;-^> 


Differ- 
ences. 


I. 


85-8 


0-5850 


0-5807 


0/58 


-0*02 


II. 


17-8 


0-2974 


0*2981 


* 0*58 


-0*02 


III. 


11-8 


0-2044 


0-2001 


0*60 


0*00 


IV. 


8*9 


0-1547 


0-1504 


0*60 


0*00 


V. 


7-1 


0-1221 


0-1178 


0-59 


-0*01 


VI. 


6*2 


0-1079 


0*1086 


0*62 


+ 0-02 


VIL 


6-6 


00958 


0-0915 


0*64 


+ 0*08 



The first column of the above table gives the number m of 
the glass plates between the coatings acting inductively on each 
other, a is the measured angle of deflection of the sine galvano* 
meter. A single, insulated coating gave the deflection 0*5. As 
ahready explained, half the sine of this angle must be subtracted 
from sin cu Column 5 shows that the charge is inversely pro* 
portional to the number of glass plates, and consequently to the 
thickness of the insulating layer. The differences do not exceed 
the limit of accui-acy to be attained by the means employed. 
Their slight increase with thicker glass indicates, however, an 
increase of charge at the l)Oundaries of the coatings, such as must 
occur if molecular induction exists, according to Faraday's 
supposition. 

The following series of experiments was made with six plates of 
gutta-percha rolled as uniformly as possible, provided with tin- 
foil coatings on both sides. These plates were so placed in layers 
over one another, that all the tin-foil coatings were exactly over 
one another. Between each two plates a projecting strip of tin- 
foil was laid, which served to make connection with the respective 
coatings. The plates were squeezed by means of a hand pi'ess 
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between two smooth boards and elastic india-robber plates, and 
in this condition the measurements were made. The charge 
between each two neighbouring coatings was first measured, and 
then the charge between the first and all the rest of the series. 



TABLE V. 



Namber of Gutta-percha 
Plates QBed. 



Deflection of Needle 



19-5 



2 



19-6 



8 



19*3 



19-9 



19-1 



6 



18-3 



TABLE n. 



Charge be- 
tweenthe 
OoatingB. 


«. 


Bin a. 


Sin a -•*»<>*». 
2 


[8in.-.«»"^0-«»]ia. 


DMfer- 
ence& 


land 2 


19-8 


0-3386 


0-8308 


0*33 


-0*05 


land 3 


10-9 


0-1891 


0-1813 


0*36 


-0*02 


land 4 


7-6 


0-13U5 


0-1227 


0-87 


-0*01 


1 and 5 


6-6 


0-1045 


0-0976 


0-88 


+ 0-01 


land 6 


6 


0-0872 


0-0794 


0-40 


+ 0*02 


land 7 


4-8 


0-0750 


0-0672 • 


0-40 


+ 0*02 



From the first table (Y.) it follows that the capacity of the 

condenser formed of six gutta-percha plates was very uniform. 

The sixth plate only gave a noticeably smaller charge. The measured 

charge of a single coating gave 0*9*" ; for that reason in Table YI. 

sin 0*9 

was deducted from the sine of the measured angle a. In 

the last column but one is given the products of this corrected 
measure of the charge into the number of gutta-percha plates 
between the active coatings, and in the last column their differ- 
ences. A small increase of the differences with the distance of 
the condenser plates is still more apparent in this case than in the 
experiments with glass plates, which is fully explained by mole- 
cular action of the electrostatic induction in curved lines between 
the edges of the coatings. 

A most important question, the solution of which also deter* 
mines that of the existence of induction in curved lines, is that of 
the influence on the amount of electrostatic induction of the 
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insulating material which fills the space separating the two con- 
denser plates. That the capacity of a condenser is evidently 
dependent on the material of the separating insulator is settled 
beyond doubt by Faraday^s experiments, confirmed elsewhere. On 
the other hand, former experiments did not decide whether Fara- 
day's view is correct, that electrostatic induction is exclusively an 
action propagated Ax)m molecule to molecule of the separating 
insulator,' or whether rather the infiuence of the insulating 
material is a secondary one, and that, perhaps, direct induction 
and molecular induction act simultaneously. That a penetration 
of the electricity of the coating of a Leyden jar actually takes 
place into the substance of the glass, and hence the distance from 
one another of the mutually attracting electricities is diminished, 
is abundantly proved, and follows also from the fact that a fully 
discharged jar, which was charged a long time previously, after 
a short time again becomes charged. The question then is 
whether : 

1. Theinfludnce of the insulating material filling the separating 
space stiU shows itself, when the penetration of electricity into 
its mass is impeded, or the experiment is so arranged that it can 
exert no influence upon the result of the measurement. Further, if 
this is the case, whether : 

2. Electrostatic induction entirely obeys the law of molecular 
attraction, or entirely or partly that of attraction at a distance. 

Experiments with voltaic electricity appear to me specially suit- 
able for answering this question, for it presents a source of elec- 
tricity always constant and inexhaustible, by which all measure- 
ments would be much simplified. The above-mentioned experiments 
will have proved thij very convincingly, as well as the accuracy of 
the galvanometer results. 

That with voltaic electricity also, the capacity of a condenser 
depends essentially on the material of the insulator, which fills the 
separating space of the collector plates, may be easily admitted. 

When two round flat discs, 16^ in diameter, were kept 
separate by a plate of glass 1°>™ thick, the galvanometer showed 
nearly double as great a charge as when, instead of the glass plates, 
small pieces of glass of the same thickness were placed between 
the discs. 

This increase of charge took place to the same extent whether 
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strong or weak batteries were nsed, and was therefore independent 
of the effective strength of the battery.* 

As the extent of the eventual penetration of the electricity in 
the time given by the commntator mnst in any case be dependent 
on the magnitude of the effective force, the conclusion may be 
drawn that the cause of the observed increase of the charge is not 
to be found in this. This is shown still more certainly by the 
following experiment : 

I had a Leyden jar made of two glass cylinders, placed within 
one another. The inner one was 0*57°^ high, and had an internal 
diameter of 0*18^°^, and the outer one was the same height, with an 
external diameter of 0'20"°. The concentric space between the 
two cylinders was about 15™°*. The thickness of the glass of each 
cylinder was on an average 2*45™™. The cylinders were fixed 
with colophonium cement to a base plate, and the interior filled in 
to a height of 1 inch with melted cement. The inner and outer 
sur&ces of the double cylinder were covered with tin-foil to 
within Y^ of the upper and lower edge, and the rest was covered 
over with insulating lac in the usual manner. The charge of the 
jar was now measured under otherwise similar conditions when 
the space between the cylinders was filled with air, and when it 
was partly or altogether filled with different insulating substances. 
If a penetration of the electricity into the glass now took place^ 
owing to which the charge would be sensibly increased, this pene- 
tration could not possibly reach the insulator in the middle of the 
thick glass already insulating by its simple thickness. Neverthe* 
less a considerable increase in the charge took place when a soUd 
insulator, for instance a cylinder of india-rubber, or well insu- 
lating gutta-percha, was placed between the glass walls. Thia 
very decided experiment can also be more simply arranged, and 
\Yith the same result, with two glass plates, which are coated oni 
one side, and placed at such a distance from one another that a 
third glass plate can be passed between them, without altering the 
distances of the coatings from one another. 

* I have preferred to use the expression "electric force" instead of 
** electromotive force," because the experiments in question only depend upon 
the electroscopic strength or potential of the electricity of the pole of th& 
battery, not, as in true galvanic phenomena, on the result of this force, viz., 
the electric cnrrent. The expression ** density of the electricity ** has quite a» 
different meaning, and cannot be employed here. 
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The mode of proceeding described was not suitable for deter- 
mining the dielectric constant of different insulators. I obtained, 
however, tolerably constant measurements in the following 
manner: Two round flat plates of brass of 15^ diameter were 
ground exactly to one another. By means of three screws with 
fne threads which passed through the upper of the two discs, 
they could be separated from one another to any desired degree. 
The ends of the screws had stones set in them, and the discs were 
thus insulated from one another. These discs were then placed 
mider the receiver of an air pump. The lower one was connected 
with the metal plate of the air pump, the upper with an insulated 
wire passing through the plate. After having made connection 
with the commutator and having observed the deflection of the 
needle, I pumped out the air to within two lines of the mercury 
manometer. The position of the needle was not altered in the 
least, nor was an alteration observable when the receiver of the 
air pump was filled with carbonic acid or hydrogen. It was thus 
clearly proved '' that gases of every kind and density have the same 
dielectric constant." 

As was to be expected, the position of the needle was not altered 
by warming the plates and the air separating them, when the 
heating was not carried so far as to distort the plates. By turning 
the screws equally, the plates of the condenser were placed at a 
parallel distance apart of about I'""'. A flat-bottomed vessel was 
then filled to a height of from 1 to 1| inches with the fusible insu- 
lator which was to be examined, and the mass slowly melted. After 
the upper surface had been well cleaned, the amount of the charge 
between the two discs in air was first measured, and then one after 
the other was plunged into the melted mass, so that no air bubbles 
remained between the plates. The ratio of the charges measured 
gave the dielectric constant of the insulator that was tested. There 
was thus obtained for stearine the number 0*78, and for sulphur 2'9 ; 
after the mass had cooled the numbers weresmaller, which might have 
been caused by the upper plate becoming slightly raised by the 
crystallisation. The numbers found for the dielectric constant of 
sulphur may moreover have been somewhat increased by the brass 
plate becoming covered with a thin layer of conducting sulphide of 
copper. 

I examined with greater exactness the dielectric constant of gutta- 
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percha and glass. This I did in the following manner : a circular flat 
plate of gutta-percha was laid on the lower condenser plate, having 
been provided with three holes, through which thescrewsof the upper 
plafce passed. After the latter was pressed down hard on the gutta* 
percha plate, and loaded with a weight of 10 pounds, the screws 
were turned round until their stone points rested on the lower 
discs. After the deflection of the needle was observed, the plate 
was raised, the gutta-percha removed, and the measurement 
repeated. The same thing was done with flat ground-glass plates. 

When I warmed a glass plate, which gave an unexpected de- 
flection, so as to remove the damp supposed to be on its upper 
surface, I was surprised to flnd a decided increase in the deflection. 
The amount was increased ten-fold by heating up to the melting 
point of tin, and rose to 80 times the original amount by further 
heating up to the melting point of lead. If the upper plate was 
tnoved on one side over the glass, the needle which pre\iousl7 had 
a deflection of 8*" struck the stop, and then went back again to 
80^ or 40". I was at first inclined to assume an increase in the 
dielectric constant of glass due to heating, but I afterwards felt 
satisfied that this phenomenon had been brought about by 
electrolysis of the substance of the glass. 

It has already been settled by the experiments of Buff and 
Beetz that glass becomes conductive with slight heating. The 
charging currents must therefore have evidently been greater, as 
the galvanometer showed simultaneously the strength of the current 
passing through the glass. The discharge currents must on the 
other hand have been weakened by conduction of the substance of 
the glass, as the charge could equalize itself not only through the 
galvanometer but also through the substance of the glass. The 
great increase in the discharge current which was observed can 
hence apparently only be sought for in the electrolytic separation 
of metallic potassium or sodium at the coating acting as the 
negative anode. Fused common salt and other electrolytic salts 
gave very similar results. Very strong polarization phenomena 
also occurred with these, and even continued, afler the salt had 
crystallized again, only ceasing when it had become quite cold. 
Hard potash glass began to be conductive at about 40** C, soil 
white-soda glass still earlier. With a plate of such glass I found 
a diminished decrease in the discharging deflection of the needle. 
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even as low as 5°. Heating had no influence on the charge of 
mica plates^ and the insulation remained perfect, even with the 
greatest possible practicable heating. Gutta-percha on the other 
hand, even with slight heating, showed considerable conductivity. 
When I dipped a copper wire 5^" long covered with gutta-percha 
into a vessel of cold water right up to its free end, it appeared 
perfectly Insulated. When on the other hand I dipped it into 
water, wanned to about 40* C, the galvanometer showed a deflec- 
tion of about 6"*^ which disappeared when the warm water was 
changed for cold. The increase of the charging current was on 
the other hand very much less in this case than in that of heated 
sheets of glass, which may be explained by the fact that potassium 
and sodium are much higher in the electric potential series than 
hydrogen. 

From these experiments it appears probable to me that all thbse 
solid electrolytic bodies which conduct electricity in the melted 
state lose their insulating power already in the solid condition when 
they approach their melting point, and that they are better insula- 
tors the lower their temperature is below their fusing point. 

The previous experiments admit of no more doubt on the point 
that the influence of the insulating material depends on the 
amount of electrostatic induction, even with elect«ricity of very> 
low tension, and that it is not to be explained by the penetration 
of electricity into the substance of the insulator. If this is granted 
it is hardly possible to explain the considerable increase of induced 
electricity with the use of solid insulators, otherwise than by the 
acceptance of Faraday's hypothesis of molecular induction. It 
may be quite well imagined that direct induction takes place aa 
well by direct action at a distance as by molecular action. In 
order to make certain of this, I took several coated glass platea 
imm tijict an(j connected the lowest with earth. If they were 
connected up according to the arrangement given in Fig. 17 the 
constant deflection of the needle was a measure of the charge of 
the condenser. If instead of the second the third coating waa 
connected with the conmiutator, the charge was only about half a^ 
great as resulted from the previous experiments. I now joined 
both the second and third coating with the tongue of the commu- 
tator. As in this case both coatings were electrified the deflection 
must be greater when the third coating exercised through the 
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second an indnctive inflnence on the natural electricity of the 
coating put to earth. But this did not entirely take place. Even 
when five coatings were connected with the tongue of the commu- 
tator the deflection remained exactly as great as with one coating. 

I have yet to remark that I had made the second coating some- 
what greater than the rest. When this was not the case, I ob- 
tained a less increase of the deflection, which is easily explained 
by induction in curved lines. 

I obtained the same result when I placed three jars provided 
inside and outside with tinfoil within one another. When the 
outer coating was put to earth, I obtained exactly the same 
charge, when the next coating alone, or when the other two wer6 
simultaneously connected with the tongue of the commutator. It 
demonstrates this any way — that the inductive force does not act 
through an equally strongly electrified conductor, and makes it 
very probable that direct induction, even if it exist, is exceedingly 
small compared with nM)lecu]ar. 

The results hitherto obtained show that the quantity Q of elec- 
tricity taken by a condenser, formed of two parallel opposite flat 
plates of equal size, is directly proportional to the electric force £ 
of the battery, directly proportional to the areas F of the opposing 
surfaces, inversely proportional to the thickness d of the insulating 
layer, and directly proportional to a constant A;, which depends 
upon the material of the insulator employed, consequently the 
charge is — 

Ylc 
Q = E^ (1) 

with the limitation, that d is very small as compared to F, or a 
correction must be applied which compensates the efiect of the 
probable induction in curved lines between the edges of the coat- 
ings and around them. The form of this equation agrees perfectly 
with the law of motion of heat and electricity in conductors. If 
the insulator is considered as a conductor, the areas F, the leading 
wires, and the battery itself as without resistance, then the current 
would be — 

if X represents the coefficient of conductivity of the material of the 

VOL. I. I 
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plates separating the soriaoes. According to this, one maj 
represent the charge as arising from a current of very short 
duration through the mass of the insulator, and may give to the 
above equation the form — 

where V represents the expression =-=» for which I propose 

the expression ^^ inductive resistance/' for it is quite analogous to 
the conductive resistance of the space across which the induction 
acts. 

If electrostatic induction is exclusively a molecular action, as it 
must at least very probably appear to be according to the previous 

results, then the equation Q = ^^^^ correctness of which has 

hitherto only been proved experimentally for the one case in which 
the condenser consists of two parallel sur&ces, the distance apart 
of which is very small compared with the dimensions of the 
collecting plate, must be universally true. As a preliminary test 
the application of the formula to the Franklin or cascade battery 
appeared to me specially suitable. 

If the measured charges of a number of condensers of different 
capacities are represented by g, ^, ^, etc., and the " inductive re- 
sistances" by r, t/, t;", etc., then according to the law of 
induction given above— 

and hence — 

If Q represents the charge of the collector plates connected as a 
cascade battery, and Y the consequent inductive resistance of this 
battery, we have further — 

The inductive resistance of the collector plates jointly is the sum 
of the resistance of each. Hence — 
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(8) 



V=t;+t/+»"etc. 

V ? ? 2 

Q 1 

To test the correctness of this formula for the charge of the 
cascade battery, I provided three of my glass plates of 1"™ thick- 
ness, with coatings of different sizes. The plate represented by I. 
has coatings on both sides, which form a square having sides 
20^ long, and are exactly opposite. The coatings of plate II. 
had sides 14<^ long, and those of plate III. sides 10<^°^ long. 
The charge of the separate collectors was first measured, then that 
of the different cascade batteries made by combining them. 

Table YII. B. gives experiments with three other plates of 20 
18 and 15°^ length of side. 

TABLE VII.— A. 



1 


2 


8 


4 


5 


Hark on the 
Collector. 


Obflerved 
Deflection. 


Sin a 


= Q. 


Differenoea. 


«. 


Obserred. 


Calculated. 




1. 


86*8 


0-599 






11. 


181 


0-309 






III. 


9-7 


0-168 






Land IL 


12-5 


0*216 


0-20 


01 


L and III. 


8-4 


0-146 


13 


0-01 


IL and IIL 


7-0 


0-122 


0-11 


0-01 


L, IL and IIL 


6-4 


0-111 


09 


0-02 



TABLE VIL-B. 



1 


2 


8 


4 


5 


Mark on tbe 
Collector. 


Observed 
Deflection. 


Bin a 


= Q. 


DilTerences. 


a. 


Observed. 


Calculated. 




I. 


20 


0-342 






II. 


15-8 


0-263 






IIL 


9-6 


0-166 






Land IL 


8*2 


0-142 


0-140 


0-002 


L and III. 


6-6 


118 


0112 


0-001 


IL and IIL 


5-8 


0-101 


0-097 


0-004 


L, II. and III. 


4-6 


0-080 


076 


0-004 



I 2 



ii6 
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Colnmn 1 gives the arrangement of the charged condensers, 
whether separate or combined in cascade fashion. Column 3 gives 
the observed jar-charge q of the separate condensers, and the 
observed total charge of the combined batteries. Column 4 
shows the charges of the combined batteries calculated from the 
formula — 

Q= 



111 

-+V + -// + 

i i 9. 



etc. 



The differences are not to be explained by errors of observation 
alone. The calculated values are all somewhat smaller than the 
observed, and the more so, the more condensers were combined. 
This can be easily accounted for, since the charge between the 
coatings and the walls of the room could not be taken into 
account. 

The measurement of the charge of condensers with coatings of 
different sizes, gives an opportunity of establishing the proof 
up till now left incomplete, that the charge of two condensers of 
different thickness of glass is proportional to the area of the sur- 
faces opposed to each other, provided that the effect of the induction 
in curved lines at the edges is taken account of. 



TABLE VIII. 



Mark on 
the 


Deflection. 


Sin a. 


Area in 
•q. cm. 


Bin a 


Difforencee. 


Collector. 


cu 




B, 


F 




I. 


20 


0-3420 


400 


85 


5 


II. 


16-8 


0-2638 


824 


81 


1 


111. 


9*6 


0-1666 


525 


74 
Meau 80 


6 


IV. 


86*8 


0-5990 


400 


15 


1 


V. 


18-1 


0-8099 


196 


16 





VI. 


9-7 


0-1684 


100 


17 
Meau 16 


1 



Column 5 of the above table gives the quotients ^ for six con- 

densers of similar thickness of glass. As may be seen these valuea 
still vary somewhat widely. The differences are indeed pretty 
considerable, but are to be explained by the dissimilarity of the. 
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glass plateSy and especially by the indaction in cnrved lines between 
the edges and between the surfiewses which are not opposed to one 
another. 

Leyden jars of diflferent size and cores are more suited than plate 
condensers for confinning the formula — 

Q 1 

i ^ i 

for charging cascade batteries. The experiments made with such 
batteries are collected in Table IX, 



TABLE IX. 





1 


Q« 


Bine 




Mark on the Jar. 


a. 


ObMnred. 


Oalcnlatcd. 


DlfferencML 


I. 


21-2 


0*8616 


• « • 




II. 


11-8 


0*2044 


A •  




I. and II. 


7-6 


0182 


0180 


+ 0-002 


III. 


24-4 


0-4180 


... 


• 


IV. 


13-6 


0*2850 


*•• 




V. 


72 


0*1268 


••. 




III. and IV. 


8*9 


0*164. 


0*160 


+ 0*004 


III. and V. 


5'« 


0*096 


0-096 


-0*001 


III., IV. and V. 


4-1 


0*071 


0*068 


+ 0-008 


VI. 


27-8 


0-4686 


• •• 




VII. 


14*9 


0*2671 


• • • 




VIII. 


7*9 


0*1874 


• • • 




VI. and VII. 


19*8 


0170 


0*165 


+ 0*005 


VII. and VIII. 


6 8 


0*092 


0*089 


+0*008 


VI. and VIII. 


6*2 


107 


0-106 


+0*002 


VI., VII. and VIII. 


4*6 


0*078 


0*076 


+0*003 


A. 


14-4 


0-2487 


... 




B. 


11*0 


0*1908 


... 




A, 9xAB, 


6*6 


0*118 


0*108 


+0*005 



The experiments separated by intervals were made at different 
times and are hence not directly comparable. All the calculated 
values, but one, are somewhat smaller than the observed values, as 
was to be expected, for the charge of the conducting wires and of 
the outer coatings of the jars in relation to the walls of the room 
is not taken into consideration. Jars I. to YIII. were most 
different in form and thickness of glass. The cascade batteries 
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were always formed by connecting the outer coating of one jar 
with the knob of the next. All the jars are insulated from one 
another by standing on a base of ebonite. The jars denoted by 
A and B consist of wires each l'^ thick and 80°^ long, which 
were simultaneously covered with gutta-percha. The section of the 
gutta-percha was approximately an ellipse. The axes of the copper 
wires of the core A were 2*75*^ distant apart, and the diameters 
of the gutta-percha coatings were 8"°* and 9""*. The distuice 
of the wires of core B was 4™^, and the diameters of the gutta* 
percha covering 10™™ and 18™™. 

I have proposed double wires of this kind for long submarine 
lines, and shall return to them repeatedly later on. 

The proportion of the charge of these cores will serve as a 
further proof of the correctness of the law of induction. Accord- 
ing to Eirchhoffy* the resistance between two circles in an 
unlimited plane is — 

W=Clog?, 

where a is the distance between the centres of the circles, r their 
radius and C a constant. The same formula should also be 
applicable for the irductive resistance ; and consequently — 

= s= 0'77 

0-248 



where a and b are the distances, and r the radius of the wires. By 
substituting the numerical values we obtain — 

log ^ log ^^^ 

= 0-81. 



log^ 


1 

0-248 


log^ 


1 
0-191 



log i log A 

The equation is consequently pretty well satisfied when it is taken 
into consideration that the wires are not exactly parallel, that the 
formula for the resistance is only an approximate one, and that it 
is only correct for the case of an unlimited plane of equal conduc- 
tivity throughout, which is not here the case ; as the inductive 

 Pogg. Ann., Vol. LXIV., p. 497. 
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resistance of gutta-percha is only half as great as that of air, the 
differences between the observed and calculated values may even 
be considered remarkably small. In Table X.^ below, the experi- 
ments are collected which I have made on the charge of cores of 
different dimensions. They were pieces of wire made at different 
timesy and the gutta-percha was in places somewhat changed by 
contact with the air. Although the most serviceable wires were 
used, the centring of the wire in the core is more or less imperfect. 
Hence great exactness could not be expected from these experi- 
ments. The experiments were so arranged, that out of the wires 
to be tested, coils of about one foot internal diameter were made 
which were placed in a metal vessel filled with water. One end of 
the wire projected out of the water, and the other placed in the 
water, was previously insulated by surrounding it with heated 
gatta-percha. The wire was connected with the tongue of the 
commutator ; the connection with the water was made through 

the metal vessel. 

TABLE X. 



1 


2 


8 


4 


5 


6 


• 

7 


No. 


I. 


r. 


R 


a. 


8Ina=.Q. 


?••-(?)• 


1 


7-5 


0-8 


. 8-4 


16-6 


0-2868 


0-024 


2 


6-5 


0-8 


2 1 


16-3 


0-2808 


0-021 


8 


6 


0-6 


2-2 


11-8 


0-2044 


0-019 


4 


6 


0-8 


2-2 


15-3 


0-2688 


0*019 


5 


8-8 


1-0 


8-7 


7-6 


0-1322 


0-022 


6 


7-6 


0-8 


21 


25-2 


0-4258 


024 


7 


7-6 


0-8 


8-4 


18-6 


0-8189 


0-025 


8 


2-9 


1-0 


2-5 


6-6 


0-0958 


0019 


9 


84-4 


0-8 


2-5 


89-2 


1-8960 


0-027 


10 


7-5 


0-8 


8-4 


19-1 


0-8272 


0-025 


11 


8-8 


0-8 


2-6 


28-7 


0-4802 


0-027 


12 


2*9 


1-0 


3-8 


5-6 


0-0975 


0-019 


13 


8-2 


0-9 


8-2 


6-6 


01149 


0*018 



Column 2 gives the length 7, column 8 the radius of the metal 
wive, column 4 the radius of the covered wire, column 6 the 
measured charge, and column 7 the constant calculated firom it 
for the formula for the charge explained later on. The experi- 
ments separated by a space have been made at different times and 
arc not comparable. Experiment 9 was made with a wire of con- 
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siderable length coTered with lead. In this case the wire formed 
the inner, the lead the onter coating of the condenser. As the 
charge of this wire coald no longer be measured with the Daniell 
battery of 54 cells, which was used for the other measarements, a 
battery of 18 cells was used, and the sine of the angle measured 
multiplied by three. The differences are certainly very con- 
siderable, but may be explained by the nature of the wires 
examined. 

The calculation of the charge of the cores is made according to 
the formula — 

EC 



Q= 



log?' 



E 
This follows from equation, Q »= -f^* ^^ ^'^ cylindrical gutta- 
percha coverings are supposed to be divided into a large number 
of concentric layers and their resistances totalled. 

ltdx]A the thickness of such a hollow cylinder of radius Xy its 
resistance is — 

dx 



dv^ 



Ijivx k 



where k represents the dielectric constant of the gutta-percha, 
hence — 

R 



t;=-i-,- /^-^=-J_log? 
%v ik J X 2nlk ^ r 



and 



V""T~Tt . . . • W 
log. - 



or, if E remains unchanged — 



Q = C. _l^andC=^. log 5 
log J 



* Wm. Thomson has obtained in another way the value q i^^ „ ^^^^ the 

r 
capacity of unit length of a core. As np tiU now I have only seen an abstract 
of his work, I cannot say why the constant (i in place of 2 ir) of Thomson's 
formnla differs from miue. 
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Although the agreement of the constants thns calculated is not 
satisfactory, at least it certainly follows from them, that the in- 
duction does not follow the law of direct attraction. The attraction 
of parallel lines, the length of which is infinite or at least very 
great in comparison with their distance apart, is in the inverse 
ratio of that distance. The cylindrical covering which coDcen- 
trically surrounds a thin wire may be assumed to be divided into 
a great number of smaller layers. The sum of the attractions 
between the wire and all the layers forms the sum of the effective 
attracting forces between the cylindrical covering and the wire, 
and must be the measure of the amount of the induction, if this 
were the effect of attraction at a distance. As now a cylindrical 
covering of double diameter may be divided into double as many 
strips of similar thickness, each of which is attracted with half as 
great a force by the ads, the total attraction between the axis and 
the covering would consequently be independent of the diameter 
of the cylinder, and this would also be the case with the charge, 
which it manifestly is not. 

The incomplete realization of the equation — 

2 Ink 



Q = E 



logn? 

T 



is partly to be sought in the eccentric position of the wire in the 
gutta-percha, but mostly, however, in the heterogeneity of the 
latter, and its being much dried and hardened in the case of many 
of the wires. In consequence an air-filled space was formed 
between the wire and the gutta-percha. Some of the wires were 
covered with vulcanized gutta-perdia. The layers of this gutta- 
percha lying nearest to the oopper became conductive by taking 
up sulphide of copper, by which the active diameter of the copper 
was somewhat increased* Exact figures are hence not to be 
expected in these cases. 

In Table XI., p. 122, 1 have collected some experiments, the un- 
expected results of which first induced me to cany out the investi- 
gations now presented. I hoped to remove to a great extent the 
troublesome charges in long submarine lines, and the retardation 
of the current caused by them, by employing twin wires placed in a 
common gutta-percha core, and thus forming a complete metallio 
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circuit instead of nsiug single wires, and the earth as a retom, or 
reservoir, if the expression is preferred. As in this case both 
wires, at equal distance from the battery, were equally and oppo- 
sitely electrified, I thought that the induced electricity which 



TABLE XI. 



1 


2 


8 


4 


5 


6 


No. 


Number of 

Elements. 

n. 


Description snd 

Connection 

of the Wires. 


a. 


Sin a. 


n 


1 
2 


I. 

54 
18 


l^T 
do. 


88-7 
11-9 


0-6252 
0*2062 


115 


8 

4 


54 
18 


(1 + 2)^T 
do. 


70-5 
18-2 


0-9867 
0-8123 


172 


6 
6 


54 
18 


W2 
do. 


28*5 
8*8 


0-4772 
0-1529 


86 


7 
8 


54 
18 

II. 


l-=-(2+T) 
do. 


48 
18-0 


0-6820 
0*2250 


125 

1 


1 
2 


54 
18 


l^T 
do. 


88-7 

10-8 


0*5548 
0-1787 


1 
101 


8 

4 


54 
18 


(1 + 2)^T 
do. 


59-0 
16-0 


0-8572 
0-2766 


155 


5 

6 


54 
18 


1-2 
do. 


28-7 
7-2 


0-4019 
0-1258 


72 


7 
8 


54 
18 


1-^(2 +T) 
do. 


86-8 
10-7 


0*5919 
0*1856 


106 



arises on the outer surfiM)e of the common gutta-percha covering 
must be zero at all those points which were equally distant from 
the equally and oppositely electrified wires. It must then be 
proportional to the difference of the inductive action of both wires 
at the other points, and the charge of the whole twin wire must 
consequently be very much less than that of a single wire. But 
experiment shows that this is not at all the case. There is not 
only no reduction, but on the contrary a slight increase of the 
charge in the above direction. 
The measurements of the previous table are made with the 
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twin wires described, immersed in a vessel containing water which 
was connected to earth. One end of all the wires was insulated 
by covering it with heated gutta-percha ; the other projected 
from the water. 

Colnmn 2 gives the number of Daniell cells n ; Column 8, the 
description of the wires and their connections. Heading I. in 
this column distinguishes the twin wires 2*75°^ apart ; II. 
those at 4™" apart. The Arabic numbers 1 and 2 represent the 
single wires of a twin wire ; the sign -r- between two wires that 
the charge is measured between the wires so represented ; T 
signifies the connection to earth. 

By 1 ^ T is hence expressed that the charge is measured 
between 1 and the outer conducting covering of the gutta- 
percha, which is to earth ; 1 -^ 2 expresses, on the other hand, 
that the charge is produced by joining up the battery between wire 
1 and 2, without any connection to earth ; finally (1 + 2) -^ T 
that the charge is measured between the two connected wires 1 
and 2 and the earth* Column 4 gives the charge ; Column 6, the 
mean of both measurements reduced to the charge by one cell 
(see Table XI.). 

As with charge 1 -7- 2, the battery is directly joined between 
the two wires, and no earth connection exists ; the electric force 
of both battery poles is equally great, and half as strong as the 
electric force of the insulated pole of the same battery, when the 
•second pole is to earth. 

In these experiments, therefore, the charge of each of those 
wires is only produced by half the number of specified cells. 
This becomes clearer, if the middle of the battery is imagined to 
be earthed. If the two wires were then simultaneously connected 
to the two free opposite poles of the electric battery, the charge 
must take place just as in the previous case. In order to be able 
to compare the charges of the different combinations, the charges 
1-^2 must be doubled. As this number is greater than the 
charge 1 •— T of the same twin wire, it follows that no reduction, 
but rather an increase, is brought about by the combination 1-^2. 
This is also quite correct, according to the molecular theory of 
induction. Each point of the small axis of the ellipse which a 
cross-section of the gutta-percha forms is equally removed from 
the two equally and oppositely electrified wires. For the electric 
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current between these wires, the plane passed through all small 
axes is to be considered as completely earthed, for, according to 
Ohm's law of potential, the electric force in the whole plane is 
equal to 0. It hence directly follows that the current between the 
two wires must be stronger than between one wire and the 
periphery of the gutta-percha, when there are equal electrical 
forces in both cases in the wires. And the same must be the case 
as regards the charge according to the law of electrostatic inductive 
resistance put forward. 

I have no doubt that a more expert mathematician will yet 
succeed in proving the correctness of the law of induction whidi 
has been put forward for all the measurements given in the table. 

With this object I have communicated them fully here, and 
because, in the second part of this investigation treating of the 
retardation of the current due to the charge, I shall return to 
these measurements. 

Some years ago I had already found that long well-insulated 
overhead telegraph wires were also charged by the galvanic 
current. I have often even succeeded in discovering the place 
where the conductor was broken by the amount of the discharge 
current For the more exact determination of the capacity of the 
condenser formed by an overhead telegraph wire and the earth, I 
suspended at my works an iron wire two English lines in thickness 
and 120*85 metres in length. The wire was stretched in a great 
curve, and at an average height of 8 metres above the ground ; 
the points of attachment were carefully insulated, and one end 
joined directly to my instrument. I now compared the charge of 
this wire with that of a plate condenser of V^ thickness of 
glass and 2*25 square centimetres of coated surface. I obtaihed 
the following result : — 

TABLE XII. 



Number of 

Elements. 

n. 


Description 
of CoUector. 


a. 


Sin a. 


Sin a 

^.«- Mean. 


18 
36 
64 

18 
36 

64 


Iron wire 

Condenser 


2-2 
4-4 
6-7 

3 

6*1 

9*3 


0-0383 
0-0767 
0*1166 

0*0523 
0*1062 
1616 


2127 ) 

2130 V 2138 

2169 ) 

2905 ' 

2950 \ 2948 

2990 
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According to this, one metre length of overhead telegraph wire 
has the same capacity as a glass plate 1"^ thick, having a coated 
surface of 100 sq. mm. or 0*00001 sq. metre^ and a conductor a 
German mile in length corresponds to a jar l"^"* thick, and having 
7*7 sq. feet of internal coating. 

Although the height of the wire above the surface of the ground 
was considerably greater than is usual with telegraph wires, the 
capacity of the latter will not be greater ; for, owing to the high 
buildings and trees which stand in its neighbourhood, the capacity 
of my wire is not inconsiderably increased, and because in general 
the inductive resistance is only a little increased with the greater 
distance from the ground, that is, in the ratio of the logarithms of 
twice the height, when it is great in proportion to the diameter 
of the wire. The inductive resistance between the wire and 
earth may be expressed according to Eirchhoff's formula for 
resistance by— 

log i* 



where h represents the distance of the wire from the earth, whence 
follows the correctness of the above assumption. 

Of greater importance is the not inconsiderable charge of wirea 
suspended in the open air, proved by examining the results of 
measuring the velocity of electricity. As later on I shall fully 
refer to the great retarding influence of the charge of cores on the 
production of the current at its further end, it only remains to 
remark here that the retardation of the current in coi'es is propor- 
tional to the square of the length of the wire. This already 
follows from the consideration that the time that is neces- 
sary in order to convey to each spot the quantity of electricity 
remaining behind in that part of the wire, and required for 
charging the same according to the electroscopic force coming to 
it according to Ohm's law, must be in direct proportion to the 
quantity of electricity, and inversely to the resistance to be over- 
come. As now with a wire of double length the quantity of 
electricity passing into the static condition, as also the mean 
of the resistance to be overcome, is double as great, it follows 
directly that the period of charge, after the completion of which 
the current can first appear at the end of the wirc, must be four 
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m 

times as great, and hence be in proportion to the square of the 
length of the wire. The measorements carried out on the velocity 
of propagation of electricity in wires have measured the sum 
of the losses of time depending on the charge, and on the velocity 
of the electricity, of which the first is in proportion to the square 
of the length, and the second to the simple length of the wire 
used. In this way the great differences between numerical esti- 
mates of the velocity are explained. The shorter and thinner the 
wires with which the experiments were made, the greater must they 
be. It is besides clear that the actual velocity of electricity must 
be much greater than the measured values, the correctness of the 
measurements being of course assumed. It further appears probable 
that the observed differences of time are only to be attributed to 
the charge of the wires. 

As it is not possible to make conductors with which no charge 
occurs, thequestion of the velocity of propagation of the current deals 
only with an ideal case, the conditions of which cannot be realized. 
The only case in which the electrostatic induction in the neigh- 
bourhood of a wire is actually indefinitely small is when it is 
wound spirally ; but then the dectrostatic self-induction of the 
unequal electrical windings and their electrodynamic induction 
•come into play, so that this case is also useless for measurements 
of velocity. Measurements of the velocity of electricity itself could 
hence only be carried into effect by measuring the retardation 
of the current at different distances from the battery, and from 
the series thus formed deducing the value for the time of charge 
And the velocity of the electricity. These considerations lead to 
the question what the so-called free electricity collected on the 
outer surface of the conductor actually consists of, and in what it 
is different from the charging or so-called '' bound " electricity. 

Faraday, aa is known^ has maintained the opinion that the 
«o-called free electricity and bound or jar electricity are identical, 
:and that in the first case the walls of the room form the outer 
coating of the jar. 

The law of induction serves as a means of proving the correct- 
ness of this opinion. The inductive resistance d Y of a very thin 
hollow sphere, the thickness of the wall of which i&dx, and the 
aradius x, is — 

dY ^^ ; 
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bj A; is nnderstood the specific inductive capacity of the material 
of the hoQow sphere. The total resistance of all the hollow 
spheres following one upon another is — 

1 r £x 
4ir* J ar» " 



V = 



The integral taken between x ^ k and x ^ r gives — 

1 E-r 



V = 



4irK*K.r' 



Therefore — 



And 



-f- = Jfj . 4 IT A; «r 

V E-r 



1=^-*^, • • • • (») 

Er 
The expression 4 ir A; ^ — is what Eiess has called the 

*^ strengthening coefficient '^ of the jar of the internal radins r 
and external radins E, for which with spherical jars the expres- 
sion capacity can in general be nsed. 

If E and r are very slightly different, and if one puts — 

E-r=«, 
and 4 IT r« = F, 

the above equation becomes ^ = — ^ — = -t-» ^Wch is identi- 

cal with the formula explained by Poisson for the special case in 
which the thickness of the glass is very small as compared with 
die radius of least curvature. 

A conductor placed in a room of ordinary dimensions may 
without any great error be considered, as regards the capacity of the 
<x)ndenser which it forms with the walls and floor of the room, as 
being in the centre of a hoDow sphere of 3 metres radius. If the 
conductor is a sphere of 0*15 metre diameter, its capacity (for in 
this case h is equal to 1) is, according to equation 5, 

Q = 4x3-14x 8^=1-98. 
B 3-U-15 

The capacity of a glass sphere coated inside and outside of 0*15 
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mefcre intemal diameter and 2"^ thickness of glass, is henco; 
when k == 2 — 

Jll 0-002 

The ratio of the capacity of the two jars is consequently — 

1 : 160. 

Experiments which I made with a glass sphere covered internally 
with looking-glass amalgam^ corresponds very exactly with this 
ratio. When freely suspended in tiie room, the sphere connected 
with a battery of 54 Daniell cells, without pole earthed, gave a 
deflection of 0*8^, and in water a deflection of 52". Considering 
the nncertain determination of the mean distance of the walls of 
the room, and specially of the mean thickness of the glass, this 
agreement is greater than could be expected. 

The electricity found on the outer surface of a body in the 
static condition can then always be considered as bound, latent, or 
produced by opposite electricity on neighbouring bodies, and a 
difference between both kinds of electricity is only to be found in 
the position of the observer whether inside or outside of the active 
dielectric. 

If the charges or quantities of electricity Q and Q' of two 
spherical conductors of different sizes are compared, according to 
formula (5), then — 

The quantity of electricity which is accumulated by means of 
equal electric forces on two spherical conductors of different sizes 
placed in equal spaces is hence not as their surfaces, but the 
small sphere contains more electricity per unit of surface than 
the large sphere, or, in other words : — 

^ The density of the electricity of the small sphere is greater 
than that of the large sphere." 

If F represents the surface of the spherical conductor, then the 

. density ^ == ^i- 
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Then dxi \i (s4^ • (R - /) / a^^^J^e^^^s very great 
in proportion to r — 

d \i \ \ -^ \ -. (7) 

T T 

The densities of two spherical condnctors in very large spaces, 
which are removed so &r from one another that they exert no 
appreciable effect on one another, are inversely as the diameter of 
the spheres. This is to be explained in that the inductive resist- 
ance is mainly found in the layers of the dielectric lying next to 
the sphere. The smaller the radius of curvature of a surface, the 
more quickly the consecutive layers increase by expansion, and the 
resistance consequently diminishes. The inductive resistance 
reduced to the unit of surface is hence smaller with the small 
than with the large sphere, although the distance of the surface 
of the smaller from the boundary of the room is greater. 

I have not yet been able to confirm by experiment whether the 

ratio of the density of the electricity on the surface of spherical . 

conductors of different sizes given by equation (7) proves itself to be 

correct. I know of no experiments with frictional electricity by 

which it can be directly proved whether this proportion agrees 

with experiment On the other hand, the expression for the 

charge of cores seems to indicate this. According to equation 

(4)- 

1 



Q = E2 Ifch . 



log?' 
r 



One can now suppose a wire of radius r, stretched across a room, 
as surrounded by a conducting cylindrical covering, and determine 
by this formula the quantity of electricity Q as a charge between 
the inner and outer cylinder. The density d of the electricity on 
the surface of the inner cylinder is then — 



d^ 



Q 



*.«., the quantity of electricity divided by the surfece. Con- 
fiequently — 

VOL. I. K 
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If R is now made equal to 5 feet = 60^ and for r are con- 
secutively substituted the radii 1", Y ^^^ tt% ^^'^^ results : — 

dig I a' ' 



1. log^^' Jlog^^^^- 



i 



log 60 
1-14 



2 

log 120 

2 



?rlog 



TT 



6-12 
1 



12 



log 720 
8-8 



In the following table these values are combined wibh those 
which Coulomb gives for the density on wires of equal diameter 
electrified by contact with an 8" sphere :* — 



TABLE XIII. 



Diameter of 
Cylinder. 


Density. 


Diffbrencea. 


Obsen'ed by 
Coulomb. 


CalcnUted. 


2" 

1 


1-8 
2 


1-14 

2 

8-8 


+ 0-16 


+ 0-2 



The calculation agrees with observation better than was to be 
expected, when it is remembered that the substitution of a cylin- 
drical and concentric room only depends on approximation, and 
neither the influence of the greater density of the ends of the wire 
nor yet the exhaustibility of the source of electricity used by 
Coulomb, %,e.y of an electrified 8" sphere, is taken into account. 

Accorfing to equations (7) and (8), the density D of the sphere 
is to the density d of the replacing cylinder — 



D :^ = 



] 



'' r' log ^ 

T 



= 1 : — 



r 



r' log ^ 



If for r is substituted the radius of the 8-inch ball used by 
Coulomb, for r' cylinder radius 1, and for R, GO as above, we get 



• Riesa, Lebrbuch der Electricitat, Vol. I. p. 174. 
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D : rf = 1 : 0*977 ; whilst Coulomb obtained the proportion 
1 : 1*28. It hence appears that B was chosen too great for 
Coulomb's experiments. By taking R » 37 inches as the most 
likely distance of his cylinder from the ground, there is obtained — 

D : rf = 1 : 1-12. 

The smaller the radius r in the formula — 

a 1- 

rlog^. 

the smaller the denominator of the fraction becomes, and hence 
the greater the density. If r is infinitely small, J = op. It hence 
follows that the density of the electricity of a perfect point 
becomes infinitely great. 

These examples will suffice to show that Faraday's assumption 
that free static electricity, wherever and in whatever form it 
makes its appearance, is always in material antagonism through a 
dielectric with an equal quantity of opposite electricity, is not to 
all appearance opposed to facts, although it is to many very 
ingenious and hitherto generally acknowledged theories. From 
the evidence that free and induced electricity may be considered 
as identical, and that the distribution of electricity on the snrfiMses 
of conductors in certain important cases by electricity of higher 
potential is based on the necessary law of molecular distribution, 
the question arises whether the static distribution of electricity on 
the surface of the conductor cannot be conceived as exclusively a 
consequence of molecular induction. 

I do not venture to answer this important question with an 
absolute affirmative, nor can I undertake to show that all varia- 
tions in intensity dependent on the form of the conductors and 
their opposing infiuence are conditional on the law of molecular 
induction, as this would lead me far beyond what I must fix as 
the extreme limit of the present investigation ; yet I thought 
myself justified by the results brought together to consider this 
opinion as proved until the contrary is shown to be the case. 

It is not to be assumed that two causes independent of one 

another affect the density of the electricity on the surface of bodies, 

of which each in certain cases not only explains, but even ncces* 

K 2 
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sarOy causes the whole phenomenon. Hence if Faraday^s opinion 
is correct that electrostatic induction is exclusively a molecular 
action, not a consequence of the direct attraction and repulsion of 
the electric fluids — and from the previous experiments it appears 
to me that there can hardly be any doubt on the subject — ^then it 
is also the cause of the difference of density of the electricity on 
the surfaces of conducting electrified bodies. Hence the force 
with which two electrified bodies, as experience shows, respectively 
attract or repel one another, cannot at the same time be the prime 
cause of the unequal distribution of electricity over the external 
surfaces of these bodies ; or, in other words, attraction and repul- 
sion is not a property of the electric fluids, but of electric matter. 

Poisson founded his calculations on the density of electricity 
essentially on the condition considered as necessary by him, that 
the resultant of all attractive actions of the electricity on the 
surfece of a body for any point chosen within it must be equal to 
zero, as otherwise a breaking up of the natural electricity of this 
point, and hence a disturbance of the assumed equilibrium must 
occur. If, however, the induction is exclusively a molecular 
action of the active dielectric, hardly any breaking up in the 
interior of the conductor by attractive action can occur. The 
first fundamental condition of Poisson's calculation thus gives way. 
Probably the second condition, " that the free outer «urface of the 
electric surface must be a surface of equilibrium,^' can be deduced 
from the molecular law of induction, by which the contradiction 
between both theories would be removed. 

A further consequence of Faraday^s theory is the absolute dis* 
tinction of the ideas " electric force or potential " and density of 
electricity. This distinction is most clearly shown in the view 
proved to be correct, ** that the quantity of electricity of each 
element of surface '' may be considered as produced '' by an electric 
current of determined short duration through the dielectric con- 
sidered as conducting throughout." The density or quantity of 
electricity per unit of surface corresponds, therefore, to the strength 
of current, not to the electromotive force of Ohm's law. In appa- 
rent opposition to this is the fact that the discharge and sparking 
distance of electricity, which we are accustomed to consider as 
direct potential phenomena, are manifestly related to the density. 
The discharge accompanied by evolution of light and heat, is^ 
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however, evidently not a static, bat a dynamic phenomenon, and 
is to be considered from this standpoint. 

When two thin glass and mica plates are covered on one side 
with tinfoil, and the uncovered sides are laid on each other, so 
that there is a space filled with air between them of slight bat 
eqoal thickness, a laminoos appearance is produced, as is known, 
throughout the whole air space, when the condenser formed in 
this way is charged by means of a sufficiently powerful Leyden jar. 
This luminous appearance is repeated when the condenser is dis- 
charged. The air space is not illuminated when the jar is very 
slightly charged. It begins with a quite definite charge, and 
increases from this point with the increase of the charge of 
the jar. 

From this phenomenon it is easy to draw the conclusion that 
the electric polarization of the molecules of a dielectric, which 
we must consider molecular induction to be, cannot exceed a deter- 
mined maximum dependent on the nature and density of the 
body, and that a potential or polarization surplus is balanced 
or carried over by a sort of motion of a yet unknown character, 
which is accompanied with the evolution of light or heat or 
chemical action. If it is supposed that the whole inductive 
resistance of the glass was equal to that of the air space between 
the glass plates, and the electric force E was so chosen that the 
maximum of induction of the air was exactly reached, then if 

E 

V represents the inductive resistance of the glass mass, Q &= 

2v 

If now the active electric force E is doubled, the charge would 
be- Q' = ^-^ 

if the inductive maximum of the air space was not exceeded. But 

as, according to the supposition, this is already the case with half 

this charge, the charge may be supposed to be divided into two 

E 
parts, of which one is equal to ^-, and the other can be expressed 

by — since the inductive resistance of the air is absent in the 

second part. The true charge of the condenser will conse- 
quently be — 

Q/# E rj 8 B 

2 V V 2 V 
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The dUohai^e in an air-filled space most therefore be eqnal to 

Q' - Q' = ^ The eqniTalent in work of this dischai^ in the 

interior of the dielectric must appear as light, heat, or alteration 

ia the grouping of the mulecnles of the bod;, that ia as chemical 

nction. In (he case in question, with the pro- 

Fig. 18. dnction of light and heat there is a simnltaneous 

change of the oxygen of the air into ozone.* 

If the inner glass surfaces separated by air were 
condactive, a quite equal dischai^ would appear, 
filling the whole air space between them only in 
the case when the sur&ces are perfectly even and 
parallel and the density of the air perfectly uni- 
form throughout. In other cafles the discharge 
would begin first at the places which were nearest, 
or at which the electricdenaitywaa greatest. As 
the heat accompanying the discharge rarities the 
air acted upon, and ito maximum of induction 
is thereby prc^ressively diminished, the whole dis- 
charge must take efFect where it has once begun. 
Instead of a general illuminatiou, there will con- 
sequently be one restricted to a small space, an 
electric spark. 

The discharge of a condenser, and consequently 
also of a conductor, may be analogously represented 

• I haTB made nse of this phenomenon for tlie constmc- 
tloQ of iiu BpparatUH which effec^ tlie coiivsraion of oxygen 
into ozono by nieang of the induced cuiTcnt iu the fal- 
lowing ninzner ; — 

Two elosu tubea of the very thinacBt rIoss, of which one 

ia closed at ono end and ia somewhat narrower than the 

other, are placed odd inaide the other, ao that thti autinlar 

flpaco between them ia of equal breadth throughout Both 

tubes are ftised together at one end, and the outer tube ia 

proviileil with a shnrt tubalure leading to the annular apace. 

Its other end being drawn out into a narrow tube. Fig. IS 

^^^ shows this apparatua in vertical and liorizontal section. A 

J^P^^. rIbsb tulie is thus formed with double walls, the space 

^F ^^ between wliich communicates with the outer air by means 

B B "'^ *^° short tubes i-emovcd as far aa poeaiblo from ons 

l^t^^p another. If the inner and outer surfaces of the glass tubes 

^^ti^y are provided with a nelallic cnnling, and the wires of the 

secondary coil of a powerful induction apparatus, fitted 

with a Wagner contact break, joined up to them, then the apace betHcen 

the two tubos begins to get luminoae and the enclosed air ia ozonized. By 

lorciug air into thp abort liihe the air can easily be changed, and lu this way 

largo quantities of air can bd quickly ozouined. 
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by streamiDg or dischargiDg sparks. A perfect point on a con- 
ductor must always stream out, as the density of the electricity at 
the point is infinitely great ; consequently the induction maximum 
is exceeded in the nearest layers of air. The brush, that is the 
sphere of discharge, appears to extend until, in consequence of the 
enlargement of the extreme surfaces of the brushy the excess of 
the induction or polarization maximum of the air no longer exists. 
If, on the other hand, a sphere connected to earth is approached 
to a charged conductor, the discharge must begin when, with the 
quickly increasing charge between the ball and the conductor, on 
the approach of the ball the limit of the maximum of polariza- 
tion exceeds the point of greatest density of the surrounding air 
surfaces. Hence, that the. discharging may begin in this the air 
is heated and rarefied, and its polarization maximum progressively 
diminished. The discharge must hence touch the distant portion 
of air, which is most strongly polarized, immediately become 
powerful, and in doing this remain limited to a less extended 
space. 

If by this conception of the process of discharge, all the 
phenomena are not made sufficiently clear, still it shows that the 
fact that the discharge by sparks or brushes depends on the density 
and not on the electric force, is not opposed to the theory of 
molecular induction. 

I have no intention of basing a general electrical theory on the 
theory of electrostatic molecular induction explained above, for 
I think that the experimental trials are not yet sufficiently complete. 
Finally, I will only remark thereon, that it is very likely that the 
seat of the electricity is removed from the conductors to the non- 
conductors surromiding them, and may be defined as an electrical 
polarization of the molecules of the latter. The conductors would 
then only be conceived as polarized spaces in an electrically 
polarized medium, with the property of being able to carry over 
the polarization in their medium from one point of their surface to 
another. If the specific inductive capacity of the conductor may 
be assumed as very great compared with that of the non-conductor, 
and proportional to its conductivity, its induction maximum on the 
other hand as infinitely small, then all conditions for the expla- 
nation of the phenomena of the electric current and also its 
attraction and repulsion appear to be fulfilled. 
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REMARKS ON WHBATSTONE»S AUTOMATIC WRITIKO 

TELEGRAPH* 

At the meeting of the 24th Janaarj, Mr. Wheatstone submitted 
to the Academy an automatic writing telegraph, with reference to 
which I propose to make the following remarks : — 

The idea of transmitting telegraphic messages by means of a 
perforated strip of paper is in the first place very old and due to 
Mr. Bain. I remember that when I was in Paris, in the spring 
of 1850, Mr. Bain set an electro-chemical telegraph at work by 
means of a strip of perforated paper, at a meeting of the Academy 
at which I had the honour to be present. 

Since that time, Mr. Halske and I have been much engaged 
with the application of the same method to Mr, Morsels telegraphs. 
Since the year 1855 we have supplied apparatus of this kind^ 
called tachygraphs, on the line we have constructed from Warsaw 
to St. Petersburg. In the same year one of our tachygraphs was 
working at the great exhibition in the Champs Elys^es, alongside 
of our apparatus intended for the simultaneous transmission of 
messages in opposite directions. The perforating apparatus with 
which our tachygraph was provided, used for perforating the strip 
of paper, only differed from that of Mr. Wheatstone just described 
by its greater simplicity. Long before Mr. Wheatstone^s last com- 
munication to the Academy, we like him had used currents directed 
alternately in opposite directions for working our tachygraph, in- 
stead of currents and periods of rest alternately, and used strips of 
perforated paper to allow these currents to pass at the desired 
intervals. Lately, however, we have given up the use of these 
strips, having replaced them by movable type similar to printing 
type, and representing the different characters of the Morse 
alphabet. The operator prepares the message by arranging the 
type one after the other in the grooves, passed through the 
apparatus by clockwork. These types bring a commutator into 
play, which causes the current to pass in one direction or the other» 
according as the position of its reciprocating motion is determined 
by the passage of the types. 

* Comptes Bendus, 1859, YoL XLYIII. p. 468. 
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OUTLINE OP THE PEINCIPLES AND PRACTICE IN- 
VOLVED IN TESTING THE ELECTRICAL CON- 
DITION OP SUBMARINE TELEGRAPH CABLES. 

{Paper read lefore the British Associdiian at Oxford^ Srd July^ 1860, 
by Dr. Wbrneb Siejiens and C. Willum Sibiiens.)* 

The interraptionB which have been hitherto only too frequently 
experienced in the more extensive lines of submarine telegi^ph 
cables, have been in almost all cases occasioned by a gradual 
decrease of insulation. When these cables have been repaired it 
has been generally found that the gutta-percha had become des- 
troyed in parts by the electrolytic action of the current used for 
working the line, and especially in those places where the thickness 
of the insulating covering was less than the average, either in 
consequence of mechanical injury, or as was more frequently the 
case, owing to some cavity in the material, which had been squeezed 
in by the water, or in consequence of the wire occupying an 
eccentric position. 

In places where the insulating covering of gutta-percha was 
of uniform and sufficient thickness, no decomposition or partial 
destruction of the material has beeii observed, even after the cable 
has been in use for years. The rapidity with which the work of 
destruction proceeds in faulty places is altogether dependent upon 
the intensity and duration of the current employed in working the 
line. Interruptions are produced proportionately more rapidly on 
long lines, owing to the greater resistance of the metallic conductor. 
Their progress can be retarded, but not altogether arrested by 
working with weak not alternating currents, and it may be taken 
for certain that so long as thin places are not altogether removed 
from the insulating gutta-perCha covering of a submarine cable, its 
insulation will gradually but continually deteriorate. 

It is therefore a matter of the utmost importance to prevent 
irregularities in the insulating covering as much as possible. The 
material employed should therefore be perfectly homogeneous ; it 
should be applied to the wire in several layers closely adhering to 

* From the Journal of the Anstro-Germau Telegraph Union, 1860. 
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one another ; air-bnbbles should be entirely avoided, and the con- 
centricitj of the entire covering should be ensured bv the use of 
perfect machinery and the avoidance of any stoppages during the 
process of covering likely to cause any softening by heat of the 
different layers of the coating. 

Great improvements have recently been made in the process of 
covering electric conductors with gutta-percha and intermediate 
layers of a composition known by the name of Chatterton's com- 
pound, as may be gathered from the fact that the cable prepared 
for the Eangoon-Singapore section proved to be ten times better 
insulated than that of the Red Sea line and to India before it was 
laid. This remarkable improvement was obtained by the great 
care taken by the Gutta-percha Company in the manufactare, 
combined with a system of continuous exact tests, with which we 
were entrusted by the British Government. These tests are 
specially directed to ascertain the specific conductivity of each 
mile of the covered wire ; all pieces of which the conductivity was 
below a certain fixed standard were rejected. 

The extraordinary variation in the conductivity of the different 
kinds of commercial copper was made the subject of a very careful 
iavestigation by Dr. Mathiessen at the request of the British 
Government. 

We found in practice that copper wire selected with the greatest 
care for telegraph conductors, varied as much as twenty per cent, 
in conductivity, and that the purest copper always conducted 
the best 

It is indispensable to test the conductivity of each separate 
mile of the insulated conductor, not only so as to reject faulty 
material, but also to obtain a complete record of the conductivity 
of each separate portion of the cable when completed, without 
which it is not afterwards possible by galvanic tests and calculations 
to determine with precision the position of faults. 

The most difScult, and at the same time the most important 
tests, are those of the conductivity of each mile of the insulation,* 

* To prevent any misunderstand ingn, we would remind the reader that 
gutta-percha, india-mbber, as well as all bodies which we are accustomed to 
call insulators, arc not so in the absolute sense of the word, but that rather 
aU bodies conduct electricity more or less, and the conductivity of so-called 
insulators is only infinitely small in comparison with that of metals. Experi- 
ence has taught that even this slight conductivity of gutta-percha in the cose 
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for it is not safficient to find the larger faults or holes, but the 
places must also be ascertained where the wire lies eccentricallj, 
and where there are bubbles and other little defects in the insu- 
lating material ; all portions of the core must be rejex;ted in which 
the insulating material is below the standard of conductivity. 

For this purpose it was first of all necessary to determine the 
specific conductivity of the material used for the insulation of the 
wire, which experience has shown to be sufficiently uniform a:; 
constant temperature. 

The effect of temperature on the conductivity of gatta-percha 
and other insulators has lately been thoroughly investigated by the 
Scientific Committee appointed by the British Government to 
enquire into the construction of Submarine Telegraph Cables. It 
suffices for our present purpose that as the result of these experi- 
ments, the conductivity of the insulating covering of the Rangoon- 
Singapore cable between the limits of 41" and 80** Fahrenheit (or 
5** to 27° Centigrade), was found to increase nearly in the pro-' 
portion of 1 to 7. The ratio of this enormous increase is however 
by no means constant ; in the absence of exhaustive and reliable 
experimental results, we thought it advisable to cany out all our 
tests at a uniform temperature of 75® F. (24° C). This com- 
paratively high temperature has the advantage, that it is seldom 
actually exceeded after the cable is laid, and that the conductivity 
being about seven times as great at that temperature as at the 
winter temperature of 41° Fahr., the effect of small faults on the 
measuring instruments will also be proportionately more apprcci- 
able. In order to ensure uniform temperature as far as possible, 
the coils to be tested were placed for 24 hours in tanks of water 
maintained at a temperature of 75° ; they were then removed and 
placed in a hermetically closed testing tank filled with water of 
the same temperature, and hydraulic pressure of at least 600 pounds 
to the square inch (about 42 atmospheres) applied, so that the 
water may penetrate into any existing cavities or cracks. 

It is a remarkable fact which has been confirmed by observations 
on cables during submersion, that the conductivity of gutta-percha 
sensibly diminishes with hydrostatic pressure, but increases again 

of loDg submarine cables, for wbich a very long and proportionately tbin 
layer of tbis material is employed, becomes of importance, and conseqaently 
ibis mere trace of conduction is taken into account. 
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on removal of the pressure to something above the original amount. 
With slightly defective coils, however, the increase of the external 
pressure prodaces no increase but rather a decrease in the insu- 
lating power ; we are thus enabled to discover iaults which would 
not otherwise be perceptible. The ordinary methods of measuring 
the conductivity and insulation of conductors by the deflection of 
the needle of the ordinary galvanometer would be altogether in- 
sufficient for the purpose in question. 

It was necessary to express the conductivity, both of the con- 
ductor and of the insulating covering, in simple figures representing 
units of resistance. 

The unit of resistance wc have adopted is the resistance of a 
column of mercury one metro long, and one square millimetre in 
section, taken at the temperature of 0** C. The advantages of this 
unit are explained by Dr. Werner Siemens in a paper published in 
Poggeudorff's Annalen, Vol. CX, p. 1.* By expressing the 
resistance both of the wire and insulating material in terms of & 
definite unit of resistance, we not only gain the advantage of more 
accurate comparison between the results of difierent measurements, 
but afterwards, when the separate cores are united into a single 
cable, we obtain an excellent means of testing its electrical con- 
dition if we compare the total resistances of both the conductor 
and the insulating medium with the sum of the resistances pre- 
viously obtained in testing the cores separately after allowance 
for change due to temperature. 

But the principal advantage of this system of measurement 
consists in the possibility after the submersion of determining by 
measurement and calculation the position of any fault that has 
appeared in the cable as it lies on the sea bottom. 

For convenience in practically carrying out this system of tests 
we constructed in the first place resistance coils of definite resist- 
ance which can be so combined that the total resistance can be 
varied at pleasure between the limits of 1 and 10,000 units. 

By inserting these adjustable resistances in one branch of a 
Wheatstone bridge the resistance of the copper conductor as well 
as that of the insulating coating of a cable of considerable length 
oan be easily determined. When however it comes to the measure- 
ment of resistances which lie beyond those limits a somewhat 

Proposed reprodacible nnit of resistance. 
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Fig. 19. 




different arrangement is given to the Wheatstone bridge by making 
its fixed branches also adjustable. 

If A, B, C, and D are the four branches of a Wheatstone bridge, 
A C and B D represent the connections with the galvanometer, 
A B and C D those with the poles of the battery. 

As is well known the resistances of the four branches are 

A C 

as -r^^ = -^ , when the current in the* galvanometer branch = 0, 

and the needle of the instrument is therefore at rest. In the usual 
TVlieatstone anrangement A equals B and 
the unknown resistance D is therefore 
measured directly by C. An adjustable 
resistance (Rheostat) inserted in place of 
C, containing units of resistance from 1 
to 10>000, would only allow therefore of 
the measurement of resistances lying within 
these limits. When, however, A and B are 
arranged so as to be also adjustable, so 
that each of them can at pleasure have the value 10,100 or 1000, 
we can then measure resistances between O'Ol and a million units 
with an equal degree of accuracy. By means of this arrange- 
ment the resistance of copper wire of any length and of the in- 
sulating covering of long cables can be accurately determined 
within 0*2 per cent. 

This method is not however applicable for testing short pieces 
of cable or longer cables insulated with better material, such as 
india-rubber or Wray's mixture,* because resistance coils of such 
various dimensions as would be necessary could not be employed 
without prejudice to their accuracy, principally because the 
greater battery power that would be required would heat the 
flhorter branches considerably, and thus altering their resistance 
would cause important errors in the result. 

It hence became necessary to employ another method for 
measuring the insulation resistance of short pieces of cable — say 
about a knotf in length. We employ in such cases a very sensitive 

• Wray's mixture is believed to consist of india-rubber, shellac, and fine 
quartz powder. According to experiments made by Fairbairu in 1860 with 
different insulating materials proj>osed for submarine cables, this material 
excelled even india-rubber. 

t Knots on the log line, unit for determining the velocity of ships by means 
of (he log, = i geographical mile. 



142 THE SCIENTIFIC PAPERS, ETC, OF 

sine galvanometer, or where the locality permits it a Weber^s 
reflecting galvanometer with 40,000 convolutions and a magnetic 
mirror. The sensitiveness of this instmment can be varied hj 
means of an adjusting magnet in the proportion of 1 : 100. 

As the astatic condition of the needles of the sine galvanometer 
is subject to changes, the constant of the instrument should b3 
repeatedly determined whilst testing. 

The readings of the instrument in degrees are reduced to units 
of resistance by means of the formula — 

p sin <^' ^ 
sin ^ 

where R is the insulation resistance to be measured, ^ the deflec- 
tion of the needle, sin ^' the constant of the instrument, and n 
the number of cells in the battery. The proof of this formula is 
given in Appendix No. I. 

This method is only applicable, however, for the measurement 
of considerable resistance within certain narrow limits. The 
insulation resistance gradually diminishes as the manufacture of 
the cable progresses in proportion to its increase of length, and 
the instrument would soon be too sensitive. It could of course bo 
made less sensitive in the same proportion, but in this way it 
would eventually not be sufficiently sensitive to measure correctly 
the resistance of the last core added to the cable. Therefore a 
means had to be contrived to maintain unaltered the original 
sensitiveness of the measuring instrument while the resistance 
gradually diminishes. For this purpose the coils of the sine 
galvanometer are surrounded by a second lajcr of comparatively 
few convolutions, through which the current of a small constant 
battery continually passes. The current for testing the insulation 
passes through the original coils of the instrument and is counter- 
acted by the current in the outer coil passing in the opposite 
direction, which is so regulated by the insertion of resistances that 
it just neutralizes the influence of the other on the magnetic 
needle, which therefore continues in the zero position. 

As the length of the cable increases, the resistance in the circuit 
of the outer coil must be diminished until the equilibrium of the 
needle is restored, and as the value of the variation of the resist- 
ance is known in units, this number has only to be multiplied by 
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the fixed ratio of the relative action of the two coils on the needle 
to ohtain the desired result. 

If W (Fig. 20) repreaeats the resistance of the inner coils of 
the sine galvanometer, W the resistance inserted in the inner 
circnit, andm the number of cells of the battery in this circnit ; 
forther w the resistance of the outer (auxiliary) coil,* v/ the resist- 

Jig. 20. 



ance and n the number of cells of the battery inserted in this 
circnit ; lastly K, a nnmerical co-eflicient representing the constant 
proportion between the effect of each coil on the needle. Thcti 
we have — 

n -IT' WJ nr If — "* ?P + "■ 

w + ^ W + W m'W+W* 

If now in place of W the nnknown resistance x of the cable ia 
inserted in the circnit, and tif altered (to V) till the needle returns 
to the zero position, then if to make the statement qnite general it 
is assumed that the number of cells in the batteries are no longer 
the same as before, but respectively M and N : — 

"-=K.^^. or3:= ^^.((P+T)-W, 

and by introducing the abore value of E — 

^ M n W+W' ^^^ 

N m tv + u/ ^ ' 

The chief advantage of this arrangement consists in the sensi- 
tiveness of the instrument remaining unchanged, since the wholo 
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strength of the current passing through the insnlation acts upon 
the needle, which is nevertheless always brought back to zero. In 
measuring the insulation resistance of short cables (where this 
resistance is very great), the resistance of the galvanometer coib 
W and w may be neglected in practice and the more simple f or- 

M V 

mula X — TF . :n- niay be made use of. The coeflBcient K is 
N K ^ 

independent of the sensitiveness of the instrament, and need only 

be determined once for all 

The tests are thus reduced to a very easy and simple method. 

In order to calculate the insulation resistance of insulated wires 
from the specific conductivity of the material employed, and vice 
versdy we employ the formula — 



2irl\ 



The derivation of this formula is explained by Werner Siemens 
in PoggendorflPs Annalen, an abstract of which is given in 
Appendix II. 

This method serves to determine the insulation and conductor 
resistance of cables of all lengths, but does not comprise the tests 
necessary for the determination of its inductive capacity. 

Recent experiments, which will be given further on, have proved 
that the specific inductive capacity of insulating materials is much 
more constant than their specific conductivity. The inductive 
capacity is besides independent of local defects in the insulating 
covering, and depends essentially on the geometrical form of the 
insulator. By measuring the inductive capacity of a given 
length of the cable, and comparing the result with the mean 
inductive capacity of the material employed, a means exists of 
determining with great certainty, whether the insulating material 
is laid equally around the conducting wire, throughout its whole 
length, or whether the wire is eccentric in places. The knowledge 
of the inductive capacity of a cable is besides absolutely necessary 
in order to ascertain the position of the fault should a break 
occur in the conductor, when the ruptured end remains insulated. 

According to Faraday's idea, the inductive action is communi- 
cated from the inner coating of a Leyden jar to the outer from 
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atom to atom through the dielectric. In our case the Leyden jar 
is represented by the cable, the inner coating of which is formed 
by the surface of the copper wire, and the outer by the water. 

The laws of the motion of heat and electricity in conductors 
are hence directly applicable to electric induction, and so the 
inductive capacity may be expressed by the product of the con- 
ductivity multiplied by a constant factor, whose value depends on 
the nature of the insulating material. 

Starting from this point of view the inductive capacity of any 
insulated wire will be represented by the formula — 

K= 2 IT. Z.J Q^ 
logc? 

in which the specific conductivity X of the previous formula is 
replaced by the specific inductive capacity J. The unit of induc- 
tive capacity is that of a Leyden jar, the coatings of which have 
a surface of a unit of area placed at a unit distance from each 
other. 

Professor W. Thomson has obtained, in a direct and very elegant 
manner, a formula which only differs from the above in the value 
of the constant, proving that he has started from a different unit ; 
Werner Siemens' derivation of the formula is completely explained 
in the paper in Poggendorff^s Annalen, Vol. CII. already 
mentioned. 

In its application to cylindrical jars or to cables the formula 

takes the simple form — 

J.C 



K = 



logc 5 

r 



In our experiments the inductive capacity of the Leyden jar 
was measured by the defiection of a galvanometer needle. If the 
defiection of the needle is caused by a current of very short 
duration, the quantity of electricity passing through the galvano- 
meter is equal to^ 

K = ^,sin \ A. 
Practically it is found very diflScult to read off with suflBcient 

VOL. I. L 
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accuracy the sudden deflection of a needle, and we employ there- 
fore an instrument enabling us to obtain a rapid succession of 
charging and discharging currents, which in passing through the 
galvanometer produce a steady deflection of the needie, capable 
of being read easily and with great accuracy. The value of these 
deflections can be calculated by the following formula : — 

If A is the angle through which the divided circle of the sine 
galvanometer has to be turned to bring the needle back to zero, 
C the number of charges or discharges per second E, the electro- 
motive force of the battery, then we have — 

K=i .C.sinA;* 
E 

or if K' is the inductive capacity of the Leyden jar chosen as the 
unit of comparison, and A' the corresponding deflection of the 
needle, we have — 

Kxri sin A 
sin A 

By permission of the British Government we have been able 
to test by this formula the experimental cable prepared to their 
instructions. 

The results of these measurements, which are tabulated in 
Appendix III., prove satisfactorily the accuracy of the method 
employed. They also prove that the formula made use of for the 
specific induccive capacity, which Professor Thomson and Werner 
Siemens arrived at in entirely diflTerent ways, may be thoroughly 
relied upon in practice. 

The specific inductive capacity of all gutta-percha covered wires 
is found to be nearly the same and quite independent of their 
specific conductivity, whilst india-rubber and its compounds have a 
much smaller inductive capacity. If the specific inductive capacity 
of gutta percha be taken as the unit, that of india-rubber is only 
0*7, and of Wray's mixture 0*8. 

We have still to mention the methods frequently employed of 
ascertaining by means of a sensitive electrometer the diminution 

* In this case the amount of the charge is measured by a constant deflection 
of the galvanometer iioedle, and is henco represented by sin A> whilst above, 
where the first deflection is used, it is equal to siu i A. 
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of the potential in a cable when left to itself after being highly 
charged. 

Let E represent the potential of a battery connected to the 
cable, as observed on a sine galvanometer ; y the potential 
remaining after the lapse of time ^; K the specific inductive 
capacity, and to the resistance of the insulator ; then during the 
interval of time from tUyt-^d /, in which the potential diminishes 
^J ^t/f ^here will be according to Ohm's law a discharge 

current -^ . Hence we obtain the equations : — 

ta ^ 

K.dy=-^.di, -^=^^ and therefore C- log fy=j~^ 

Further, as for ^ = 0, y = E, 

the integration constant = log e E, it follows that — 

t _ t 

t Xi * 111 K.W J YTi K.W 



In a normal cabl< 

log.? 
K = ?— '— and W = -. , *", . or K . W= i 

log.- 

E / X T E 

and hence log € _ = _. or X= - . logc — , which gives at last the 

y J ^ y 

proportion — 

X : J=log f- : /. 

y 

This method is well adapted for determining the specific resistance 

of insulating materials, and for comparing the insulation of two 

similar cables, even when there is no instrument at hand suitable 

for exact measurement. It is sufficient to observe the time in 

which the original potential falls to a given amount. As then the 

E 
fraction -- , although its value is unknown, is always the same, 

if 

it follows from the above formula that — 

„ = -;j- and ^, = ^- 

L 2 
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where X and t represent specific condactivities and observed 
times in both experiments. 

This result is independent of the wire lying absokitely in the 
centre of the insulating covering or its being eccentric in places. 
This method of observation is therefore well suited for deter- 
mining the specific resistance of the insulating material ; but as 
it is also necessary to ascertain whether the wire is concentric in 
the covering throughout the whole length of the cable this method 
cannot be e^^plusively employed. Besides, this process requires 
much time with well-insulated cables. Another objection to the 
exclusive application of this method arises from the circumstance 
that small faults in long cables easily escape observation, as the 
loss of potential through such faults is very small as compared 
with the whole charge. 

We therefore prefer to determine the loss of potential not by 
the electrometer, but by measuring by means of a galvanometer the 
charge a, and after the lapse of a minute the discharge b, Wc 
have then the loss in quantity or potential during a minute — 

L=l-i. 
a 

In order to combine this formula with the system just explained,, 
it is only necessary to remember that -. = ^. If the cable is: 

tested from the earliest stage of its manufacture in lengths of a 
knot, then during joining and covering, and finally during sub- 
mersion, these tests must strictly control each other ; they must,, 
therefore, be systematically recorded. The chief care during 
submersion should be directed to detect at once the slightest 
change in the insulation, so that the paying-out machinery may 
be instantly stopped. It sometimes happens, howeyer, that a fault 
does not appear immediately on submersion. When, therefore, a 
fault appeal's, it is necessary to calculate its exact position before 
taking other steps to remove it. For this purpose the cable must 
be tested from both ends, that is, from the ship and irom shore,, 
as the determination from one end gives only the maximum 
distance of the fault. 

In paying out the cable, the following system of tests is 
applied : — 
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A clockwork placed at the shore Btation connects the cable con- 
eecntiyely to earth, to the pole of a battery, and then insolates it 
for a short time. 

On the ship a resistance bridge is constantly connected with 
the line. By maintaining a balance on the Wheatstone bridge, the 
electrician in charge is able to determine alternately the insnlation 
and conductor resistances ; the latter of which is condusive as to 
the continuity of the conductor. 

The operator on shore also observes these two data, and com- 
municates them by telegraph to the ship. If these four tests 
differ materially, the existence of a fault is thereby indicated, the 
position of which can be calculated from the observed data. This 
method of observing the condition of the cable, although fatiguing 
to the electricians employed, has been found to answer perfectly 
in laying the Indian cables. During the paying out of the Aden- 
Kurrachee section by Messrs. B. S. Newall and Co., we were able 

Fig. 21. 
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hj this means to observe faults on five different occasions, which 
it was then possible to remove without stopping. 

Our method for determining the position of a fault is the 
following : — 

First, when both ends of the cable are available, let x and y 
<Fig. 21) represent the distance of the &ult from these two ends ; 
I = X + y the whole length of the cable ; a galvanometer ; W 
and W two resistance boxes. When W and W are so adjusted 
that the galvanometer needle remains at rest, the position of the 
fault will be given by the formula — 
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This is essentially the same method as was published by C. 
Siemens in the Journal of the Austro-Gennan Telegraph Society 
iu 1858^ p. 13, having been used by us with perfect success since 
1848. 

Secondly, in dealing with a single submerged cable, this method 
is no longer applicable. If c is the resistance of the whole length 
of the cable, x and y the resistances from the fault to the two 
ends, Z the resistance of the fault itself ; a and t, and a^ and ^^ 
resistances measured from the two ends, whilst the other ends are 
respectively insulated and connected to earth. Then, in accordance 
with Ohm's law, we have the following equations : — 

c = a? + y, «! = 0? -f Z, Z>i = y + Z. 



a =='X + „ "- and b = y + y. . 

Z + y "^ Z + X 



By the elimination of y and Z, the following expressions are 
obtained :— 



X 



2 2 ^^^ 

- « • :~;-4 • { ' - Vi-Ml • • • ® 

y Vyc—b (^^ 



X = a - v/ (a^ - a) (c - a) . . . . (5) 

If the cable was not perfectly insulated before the appearance 
of the fault in question, the measurements a and b and a' and b' 
taken before the appearance of the new fault serve as a means to 
determine approximately the resistance y of the previous fault 
of insulation. With the help of this value, and the final measure- 
ments a^ and bo, taken after the fault appeared when the other ends 
are insulated, the position of the fault is given in the following 
manner : — 

a? = «i -y \/^ "a" . . • • (6) 

^ b^ - b^ 

In all these measurements the battery power must be regulated 
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to maintain the polarization of the faulty place uniform. For 
this purpose the position of the fault is^ first of all, approximately 
ascertained by means of preliminary measurements, and then for 
the final measurement the number of cells in the battery is so 
regulated that the current passing to earth from the one or other 
side through the fault has always nearly the same strength ; it is 
necessary not to make the observation until the polarization has 
reached its maximum. We attach considerable importance to the 
last formula, which alone enables us to localize new faults in old 
defective cables if only its previous state of insulation is known. 
This knowledge is unfortunately wanting as regards almost all 
cables hitherto laid. In the case of the Rangoon Singapore lino 
we propose to provide each station with a complete testing 
apparatus, and to arrange for daily tests to be made of the insula- 
tion and conductivity of each section of the cable when laid. 
Becords of these observations should be sent daily to the engineer 
in charge. 

Owing to the easy destructibility of gutta-percha various 
experiments have been made to replace this material in submarine 
cables by india-rubber, sometimes pure and sometimes mixed witli 
other materials, experiments which owing to the high insulating 
power and the slight inductive capacity of india-rubber, and above 
all its great homogeneity and slight sensitiveness to heat, gave 
promise of great results as regards the durability of telegi*aph 
cables. 

The great diflSculty has hitherto consisted in working india- 
rubber so as to obtain a uniform and perfect coating over the 
conductor without damaging the material itself. We have sought 
to overcome this difficulty by the construction of a machine which 
was exhibited at the British Association. Important work is also 
being done in this connection elsewhere. 

The principal object of this communication is to show that, 
although frequent accidents have befallen submarine telegraph 
lines owing to insufficient experience and want of care during 
their manufacture to guard against defects, the experience gained 
has not been lost ; and that, in making use of the increased know* 
ledge of the subject, more perfect results could not fail to follow. 

The British Government, in promoting these experiments, has 
encouraged and directed individual effort, proving that England 
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tu&j appreciates the importance of Babmariae telegraph lines, and 
is prepared to call them into existence. 

APPENDIX I. 

Insulatiok Eesistance of Short Cables. 

If one pole of a battery of n cells is connected with the cable 
while the other is to earth, then« if ^ represents the angle through 
which the sine galvanometer mnst be turned to bring the needle 
back to zerOy the following equation results — 

• . w E 
sin^ » 



X +«?! 



in which E is the electromotive force of one cell, w^ the resistance 
of the galvanometer, and x the unknown resistance of the cable. 
To obtain the actual value of the insulation resistance, a known 
resistance u of about 10,000 units is inserted in the circuit instead 
of the cable, the sensitiveness of the instrument is diminished by 
a shunt having a resistance W, (about y^) and the number of 
cells reduced to one. There is then obtained for the whole current 
J in the circuit the expression — 

E 



J = 



W W 



and for the branch current i\ passing through the galvanometer — 

• -ii W, E 






or since Wj = 99 W, : 

. . E 1 

f 1 =a sm ^1 = 



W, + W, 



100 

T^ Wg being with our instruments equal to 70 units, if we 
take this value and choose the known inserted resistance as 9980 
units instead of 10,000, we have — 

..El E 

sm 01 s= 



100 • 10,000 1,000,000 
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If we elimiDate E between this and tbe first equation^ and 
neglect the resistance W^ of the galranometer in comparison 
with Xf we arrive finally at the expression — 

«= 1,000,000 »?^^ 

sin 



APPENDIX II. 

The Specific Sesistance of IxsuLATiNa Mateeials. 
Deduction of the Necessary Formula. 

Werner Siemens arrived in a simple way at the same formnia 
which Professor Thomson arrived at in another way by calcu- 
lation. 

11 dx represents the thickness of a diflferential cylinder at the 
distance x from the longitudinal axis, its resistance will be — 

7 dx 

dta 



2irX.lx' 
and the total resistance — 

R 

10g€- 




APPENDIX III. 

Besults of the Measurements of Specific Inductive 

Capacity. 

In the following table are collected the results of the specific 
inductive capacity. 

The following is descriptive of the contents of the several 
columns of the table : — 

The second column gives a description of the cable as regards 
insulating material and the test-mark of the cable ; the 8rd its 
length ; in the 4th, 5th, and 6th columns are found the cater and 
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inner radius of the insulating covering and the ratio — ; the 7th 

column gives the temperature of the "water in which the cable waa 
placed ; 8th, the number of cells employed in the test ; the 9th 
contains the angle <^ through which tl^c sine galvanometer had to 
be turned to bring back the needle to the zero position ; the 10tl» 
the constant of the instrument ; the 11th the measured charge in 
terms of the unit of length and one cell ; in the 12th are found, 
lastly, the calculated specific inductive capacities of the different 
substances, the mean inductive capacity of gutta-percha being 
taken as 1. 
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APPENDIX IV. 

disteibution op the charge ationa the length op the 

Cable. 

Let a B (Fig. 22) represent a given length (Q of uncoiled cable, the 
end of which, B, is in connection with the earth, and A C the E.M .F. 
of a battery, one pole of which is connected with A and the other 
with the earth. Snpposing the cable to be of equal section and 
condQctivity throughout, then according to Ohm's law, the E. M. F. 
existing at the different points of the cable is represented by the 
curve B C. 

In the year 1849, Werner Siemens showed in Poggendorff*s 

Fig. 22. 




Annalen that when a current is sent through a submerged or 
underground cable a portion of the electricity J3 retained as a 
charge along the whole surface, being distributed proportionately 
to the potential at each point. 

The potential of the electricity of an element of length dx^i the 
distance x from A being represented by y, and the quantity of 
electricity with which the surface of the cylinder dx \& chaiged 
bydj— 

logc^ 

This quantity of electricity ef ^ has to overcome the resistance of 
the portion x on its way to d x. 

The resulting current requires the time dt to produce the 
quantity dq;\\e have therefore the equation — 



x 



X 
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By equating these valaes of dj^ we obtain the differential 
eqnation — 

,, 23.v.dx Er=irX ,. 

If we substitute for y in the differential equation, its value 
obtained from the proportion — 

E : y = Z : Z - a?, viz. y = E (^-^) 
W9 obtain — 

I . r-Xlog€ — 

T 

I 
O T 4 

and thence t = 



2 J /" 

.r»X.log€?."y 



^ ^N i.^_" # «G - »)^» 



2J 



Z.r'.X.loge- 






and finally t - :?1^! „ 



Sr'X. loge"- 

r 



APPENDIX V. 

MEASXJBBMENT OP THE BESISTANCB OF THE INSULATING LAYER. 

The following table contains the resulfs of the measurements of 
the specific resistance of the insulating material. The figures are 
derived by means of the formulae given in Appendices II. and III., 
from the deflections obtained by the use of a certain number of 
battery cells ; 18 noughts are omitted in the constants^ therefore 
the same are divided by 10^'. 

These numbers therefore represent the specific resistance com- 
pared with mercury in trillions of units. Certain variations may be 
explained partly by the action of tery powerful battery currents, 
with which the cable was worked during manufacture, and partly 
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by the circumstance that time enough was not allowed for obtain- 
ing a perfectly uniform temperature throughout the cable and 
various other circumstances. 

Setting aside these irregularities, the great difference between 
the resistance co-efficients of gutta-percha, india-rubber, and 
Wray*s compound is nevertheless very clearly set forth. 



DESCRIPTION OP UNUSUALLY STEONG ELECTRI- 
CAL PHENOMENA ON THE CHEOPS PYRAMID 
NEAR CAIRO DURING THE BLOWING OF THE 
CHAMSINS* 

When on the 14th of April last year, I ascended the Cheops 
pyramid, with the engineers employed in assisting me in laying the 
telegraph line in the Red Sea, we had an opportunity of observing 
an unusually strong electrical phenomenon on its summit. 

When we left Cairo, early in the morning, the sky was as bright 
and clear as usual, and there was hardly a breath of wind stirring, 
A light, pale red tint in the south-west horizon appeared, however, 
to alarm my donkey-driver, who was continually pointing in that 
direction, and it appeared to be the reason of his driving my beast 
on very energetically. 

At half-past nine we arrived at the foot of the pyramid, and 
about twenty minutes later we found ourselves on its summit, less 
as the result of our own exertions than owing to the powerful im- 
pulses which each of us in turn received from three powerful 
Arabs, who flung us irom stage to stage like bales of goods. 
Arrived at the summit we felt a sharp, cold wind blowing. The 
reddening of the south-western horizon was changed to a colourless 
clouding over right up to the zenith, so that instead of obtaining 
the view we hoped of the valley of the Nile and the town of Cairo, 
we could only observe near-lying objects in feeble outline. We 
laid down behind the blocks of stone, which were scattered about 
on the flat summit of this pyramid, to rest ourselves after the 

* PoggendorfTs Ann. der Phy. u. Clicm., 18'30, Vol. CIX. p.- 355. 
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exertion of our involantary race, and to protect ourselveB from the 
cold windy which was continually Increasing in strength. 

It was interesting to observe the sand of the desert^which covered 
the plain with an opaque yellow veil, oontinnally rising with whirling 
motion higher up the pyramid. When it had arrived at the highest 
step we noticed a whistling noise which I ascribed to the increasing 
violence of the wind. The Arabs who were sqnatted around us on 
the nearest steps, sprang up suddenly with the cry '^ Chamsin,*' 
and held up their fore-finger in the air. There was now a peculiar 
whistling noise to be heard, similar to that of singing water. We 
thought at first that the Arabs were uttering this sound, but I 
soon satisfied myself that it also took place when I stood upon the 
highest point of thepyramid. and held up my own fore-finger in the 
air. There was also a slight, hardly perceptible, pricking observable 
on the skin of the finger which was opposed to the wind. I could 
only explain this fact, observed by aU of us, as an electrical 
phenomenon, and such it proved to be. When I held up a full 
bottle of wine, the top of which was covered with tinfoil, I heard 
the same singing sound as when the finger was held up. At the 
same time little sparks sprang continually from the label to m^ 
hand, and when I touched the head of the bottle with my other 
hand I received a strong electric shock, whilst a bright spark sprang 
from the metal-top of the bottle to my hand. It is clear that the 
liquid inside the bottle, brought into metallic connection with the 
metallic covering of the head of the bottle through the damp cork* 
formed the inner coating of a Leyden jar, whilst the label and hand 
formed the outer connected to earth. An uncorked bottle was 
charged in a similar way, especially when the neck was directed 
towards the wind, as Dr. Esselbach perceived by a violent shook 
which he got when he placed it to his mouth. When I had com* 
pleted the outer coating of my bottle by wrapping it in damp paper 
from our provision basket, the charge was so strong that I could 
make use of it as a very powerful weapon of defence. After the 
Arabs had watched our proceedings for a time with wonder, they 
came to the conclusion that we were engaged in sorcery, and re- 
quested us to leave the pyramid. As their remarks when inter- 
preted to us were without effect, they wanted to use the power of 
the strongest to remove us from the top by violence. I withdrew 
to the highest point, and ftilly charged my strengthened flask, when 
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the Arab leader caught hold of my hand, and tried to drag me 
uiiraj from the position I had attained ; at this critical moment I 
approached the top of my flask to within striking distance of the tip 
of his nose, which might be about l(y^. The action of the 
discharge exceeded my utmost expectation. The son of the desert, 
whose nerves had nerer before received such a shock, fell on the 
ground as though struck by lightning, rushed away with a loud 
howl, and vanished with a great spring from our vicinity, followed 
by the whole of his comrades. 

We had now a full opportunity of carrying out our experiments. 
Unfortunately we had made no preparations for them, and they 
were made more diflBcult by the ever increasing power of the wind, 
which made it difficult and even dangerous to a certain extent to 
stand upright. When I insulated myself from the stonework of 
the pyramid by means of an improvised insulated stool formed of 
bottles set up on end, the whizzing noise produced on raising the 
finger ceased after a short time. I could now communicate sparks 
to my comrades by approaching my hand to them, and I received 
a slight shock when I came in contact with the ground. On the 
other hand my hair stood less on end than that of my non-insulated 
comrades when I touched the ground. We unfortunately had not 
the means of determining exactly the kind of electricity. We 
tried to charge. and discharge the bottle by means of a point made 
of tinfoil, so as to arrive at some conclusion by the phenomena 
observed as to the kind of atmospheric electricity, but obtained no 
satisfactory results. 

It is worthy of remark that we observed the phenomena described 
only on the top of the pyramid. Only a few steps lower they were 
already very weak, and on the plain we could hardly detect any 
electrical manifestations. The wind blew there with equal violence, 
and there can be no doubt that they continued up above as 
before. 

As the electrical phenomena were first observed when the desert 
pand reached the top of the pyramid, it must be considered as the 
carrier, and also probably as the cause of the electricity. If it be 
assumed that the particles of dust and grains of sand lashed by the 
wind were electrified by the dry surface of the ground of the desert, 
then each electrified grain must form one coating of a condenser 
of which the other was the earth itself, whilst the air between the 

VOL. I. u 
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two formed the insulating material separating the coatings. 
Through the ascending motion of the particles of dust the insula- 
ting layer was strengthened, the striking distance of all these little 
charged flasks consequently increased, and at a height of 500 feet 
must be considerably greater than in the immediate neighbourhood 
of the ground. The electricity of the powerfully electrified dust 
cloud which lay above the surface was opposed by an equal quantity 
of electricity on the upper surface of the earth. The conducting 
pyramid must therefore exercise a very considerable condensing 
effect on the electricity on the earth's surface, because it must 
be considered as a gigantic point. It is therefore not surprising 
that the electrical difference between the highest and finest points 
on the summit of the pyramid, such as the raised finger or the neck 
of the bottle, and the grains of sand, was so great that numerous 
little sparks sprang out between them, whilst on the plain hardly 
any electricity was observable. In this way the observed pheno- 
mena may be fully explained. 



PROPOSAL FOE A REPRODUCIBLE UNIT OP 
ELECTRICAL RESISTANCE.* 

I WAS induced some years ago to undertake the experiments 
about to be described both on account of the want of a generally 
accepted unit of resistance, and of the actual inconveniences 
arising therefrom, especiallyas regards technical physics. 

My original intention was to procure for Jacobi's unit of resist- 
ance a more general technical application. I soon found, however, 
that this could not be done without inconvenience. In the first 
place several of Jacobi's standards which I had procured differed 
so materially from one another, and agreed so slightly with the 
specified data of their resistance that it would have been necessary 
for me to have fallen back upon Jacobi's original standard, which 
was not, however, at my command. But apart from this, I was 
convinced that a unit of resistance was only suitable for general 

 PoggendorfTs Ann. d. Phys. u. Clicrn., 1S60, Vol. CX. p. 1. 
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nse if it could be reproduced. It is not yet entirely decided 
\Thether the resistance of a metal wire alters in course of time, by 
being shaken in transport, by the passage of currents through it, 
and other influences. It is, however, very probable that such an 
alteration does take place, and hence it is not admissible to select 
the resistance of a special wire as the standard unit of resistance. 
Moreover by the continued copying of a unit of resistance from 
other copies (which would be unavoidable on its general introduc- 
tion), the deviations from the standard would become continually 
greater. For researches copies are useless which are less exact 
than the improved instruments and exact methods employed. 
Lastly it is both desirable and convenient to be able to combine 
a definite geometrical notion with the unit of resistance, which 
can never be the case with a metallic wire, because the resistance 
of a solid body in large measure depends on its molecular consti- 
tution, as well as upon impurities in the metal which cannot 
easily be avoided. The absolute unit of resistance appeared to 
me to be equally unsuitable for general use. It can only bo 
produced with very perfect instruments, in places specially fitted 
np for the purpose, and with great manual skill ; and it is 
wanting in the physical representation so useful in practice. 
Finally the numbers it involves are very inconvenient on account 
of their being so large. 

The only practical way to establish a unit of resistance 
sufficient for all requirements, and specially capable of being easily 
made by anyone with the necessary accuracy, appeared to me to 
be to employ the resistance of mercury as the unit. Mercury can 
very easily be obtained or rendered almost if not perfectly pure. 
So long as it is liquid it does not alter in its molecular condition 
80 as to affect its conductivity ; its resistance is less dependent 
than that of other simple metals on variations of temperature, and 
finally its specific resistance is very considerable, and hence the 
figures for comparison are small and convenient. 

I therefore resolved to try whether by suitable means it was 
possible with ordinary commercial glass tubes, and purified 
mercury, to make definite units of resistance of sufficient accuracy. 
The greatest difficulty appeared to lie in the impossibility of 
procuring perfectly cylindrical glass tubing ; ordinary commercial 
^lass tubing being usualfy irregular in its internal diameter. By 

¥ 2 
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calibration with a short thread of mercury it is however easy to 
select from a large number of glass tubes, pieces of a metre in 
length, the section of which varies pretty uniformly. The tube 
may then be treated as a truncated cone, the resistance of which 
can be calculated. The volume of the cone filled with mercury 
can be determined with great ease and accuracy by weighing the 

metal. 
Let Fig. 23 represent such a truncated cone of length h tbe 

Fig. 28. 



^ r^n 




parallel bounding circles of which have the radii E and r. Assume 
a section M N of the cone with the radius z and thickness dx 
parallel to the plane A B and at the distance x from it. If W is 
the resistance of the cone in the direction of its axis, d W the 
resistance of the section M N in the same direction, then — 



dW 



dx 

7^V 



But 






The value of z differentiated with regard to x is— 

dz R - r 



whence 



dx 

dx '■= 



,^ . d z, 

R - r 



By substituting this value of rf a? in the first equation we obtain — 

I dz 



JW = 



(R - f; IT ' z' 



— irr^ir-T'i _ ^ 
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By integration with respect to 2 we obtain — 

J (JR -r)w ' z* (ft - r; IT ' \r K/ 

r 

or W«,n — I — . . . . (1) 

Next let y be the volame of the truncated cone, G the weight of 
the mercoiy contained in it, and <r its specific gravity, then — 

Dividing by R r we obtain — 



Rr Vr ft/ 3 



ft* 

and patting —t"^ 



whence B r = 



Rr 
V 






^' 1+ Ja + -\-. 



Patting for V its value -, we obtain — 



iir or • ._ 1 

1 + sla •\' —, 



Ja 



and substituting this value of R r in equation 1 gives — 

W = y" • :^ . . (2) 

The value of W found in this way is evidently correct for a 
pyramidal form of conductor so long as a represents the ratio of 
the greatest to the least section. It is further correct when for a 
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single trnncated cone of the length l, any number n of such cones 
of equal length are substituted^ whose combined length is equal 
to /,if only in each the ratio of the greatest to the least section or 
its reciprocal is equal to a. 
For in this case if — 



where X 


represents the length of 


one cone — 






1+ ^''■^W 

8 




n 




ur 










1+ ^+ j^ 
3 


or 


W= ^<^ . 


1 + > + \ja 



G 6 

As further the correction coefficient for the conical form of the 
conductor — 

1 + V^ + — ,- 1 + V + "p 



8 A 

differs very slightly from 1, when R and r are nearly equal, each 
tube not perfectly cylindrical may be considered without any 
appreciable error as a truncated cone, and the ratio a determined 
from the quotient of the greatest and least length of the column 
of mercury used for calibration. 

By means of a series of experunents I next ascertained whether 
the calculated values of the resistance of different tubes of very 
irregular mean sections agreed sufficiently with the measured 
values. The following was the method I employed : — 

Ordinary commercial glass tubes of from \ to 2*"°* internal 
diameter were fastened to a long scale ; a drop of mercury was 
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introduced into each of them^ and the length of the thread of 
mercury bo produced was measured. By inclining the tube, the 
small thread of mercury could be made to traverse its whole 
length step by step, and in this way the length of about a metro 
of each tube could be determined, which appeared most cylin- 
drical or most uniformly conical. These pieces were then cut out 
of the tube, and the ends ground down by means of an apparatus 
constructed by Mr. Halske for the purpose till the tubes were 
exactly one metre long ; the tubes thus prepared were then care- 
fully cleaned, which was most easily effected by twisting together 
two thin silk-wound wires of Oerman silver or steel, jiassing them 
through the tube, and then fixing a pad of cotton-wool to the 
projecting end of the wire, which was then carefully and slowly 
drawn through the tube. This operation always required some 

Fig. 24. 





care to avoid breaking the tube. The tube was then filled with 
purified mercury and the contents weighed. This was done in 
the following manner : One end of the glass tube was fixed by 
means of a vulcanized rubber cork into the mouth of a small 
retort receiver, such as are used in chemical laboratories, so that 
the end of the tube projected into the receiver. To the other end 
of the tube was fastened an iron clamp as shewn in Fig. 24, by 
means of which a smooth plate of iron could be screwed against 
the mouth of the tube. The receiver being suitably supported 
was filled with pure mercury, which was allowed to flow through 
the slightly inclined glass tube into a vessel placed below. When 
after a short time inspection showed that all the little air bubbles 
which at first existed had been removed by the flowing mercury, 
the lower opening was tightly closed by means of the screw 
m)ving the iron plate, the tube placed upright, and the other end 
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withdraTMi from the india-rabber cork. If this were done with 
care the now vertical tube was found to be quite full, and the 
column of mercury terminating in a small projecting meniscus. 
The upper opening was now closed by pressing a plate of ground 
glass upon it, and the superfluous mercury removed. After any 
small drops of mercury clinging to the tube were removed with a 
brush the contents were emptied into a small glass vessel and 
weighed in an accurate chemical balance. When the precaution is 
taken of allowing the mercury to flow out very slowly by inclining 
the tube very slightly, and only removing the iron plate very 
gradually, no globules of mercury remain behind in the tube, 
which is usually the case without such precaution. Any heating 
of the tube when full by contact with the naked hand was of 
course avoided. The temperature was observed at the time the 
tube was being filled and the weight obtained reduced to zero tem- 
perature. Of the following tables, Table I. gives the different 
lengths of the thread of mercury used in calibrating the pieces of 
tubing employed, and the ratio a of the largest to the smallest 

TABLE I. 



1 


2 


8 


4 


6 


6 


126 


101-2 


48-2 


143-0 


116 


111 


116-4 


98-4 


47-6 


145-0 


116 


109 


116-8 


96-9 


46-0 


146-0 


119 


107 


1140 


94-5 


45-0 


146-0 


121 


105 


112-0 


94-0 


44-8 


148-6 


121 


105 


110-2 


93-3 


44-2 


142-5 


122 


103 


108-2 


94-5 


43-9 


142-5 


121 


101 


107-0 


96-7 


48-7 


140-0 


120 


100 


107-0 


97-5 


42-5 


139-0 


119 


101 


106-0 


99-4 


41-0 






102 




100-1 


40-1 






100 


^ . 126 


101-2 


48-2 


146 


122 


111 


Tnererore a — . q- 


93-8 


40-1 


139 


115 


100 


Hence the various coeflBcients of correction — 






1-00226 


1-0005.5 


1-00282 


1-000201 


1-000289 


1-00C906 



section so obtained. Table II. gives the actual weight of the 
mercury in the tube and the reduction of the same to zero 
Centigrade. 
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TABLE 11. 
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2 


8 


4 


5 


6 

11-767 


13-208 


27-1915 


2^-3825 


62-368 


69-802 


13-210 


27-1900 


24-3830 


62-366 


69-796 


11-768 


13-209 


•27-1915 


24-3840 


62-357 


69-803 


11-767 


13-209 


27-1920 


24-3838 








at 


at 


at 


at 


at 


at 


13'-6 R. 


14" R. 


13'-5 R. 


18' R. 


14" -7 R. 


16'-2 R. 








61 -395 


69-795 


] 1 -776 








62-398 


69-795 


11-777 








63-393 


69-794 


11-774 
11-774 








at 


at 


at 








14''-5 R. 


18'' R. 


14'-7 R. 




^ 


Veight in Gi 


-amines at 0* 


• 




13*2491 


27-277 


24-457 


62-774 


70-054 


11-808 



If in fomrnla (2) for the resistance preTiously obtained — 



W = 






1 + is/tf + -/= 
8 



the value of G in milligrams as taken from Tables T. and II. is 
substituted and the correction coefficient applied, and if the specific 
gravity of mercury at 0" is taken at — 

- 13-657 

and for the mean length of all the tubes — 

we obtain the resistance of the tubes expressed in units of the 
resistance of a cube of mercury of 1"** side. Tabh III. gives 
these calculated values : — 

TABLE lit 



1 


2 


3 


4 


5 


6 


1025-54 


497*28 


555-87 


216-01 


193-56 


1148-9 
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The resistance of these tubes filled with mercury at 0* was now 
compared with a copy of Jacobi's standard (B), which was eflfected 
by means of a Wheatstone bridge. As the Wheatstone bridge, 
which I used in the form given to it by Halske and myself, is 
adapted for very accurate measurements of resistance, its moro 
detailed description will not be without interest. 

Fig. 25 gives a perspective view of the bridge. A A is a brass 
bed, along which the slider B B is shifted. The rotatable head 
of the slider is provided with a toothed wheel, which works in a 
rack S fixed to the bed. The slider may therefore be moved both 
directly and by turning the milled head. The insulated pieces E B 
and the scale m m, divided into millimetres, are also fixed to tho 
bed. Between the insulated metal pieces E E, the inner surfaces 
of which are perpendicular to the scale and exactly 1,000™°* 
apart, is stretched a platinum wire of about 0*1 6°^^ diameter. 
This wire, the ends of which exactly correspond with the divisions 
and 1000, is gripped by two little platinum rollers, the axes of 
which are fixed to the slider by means of the spring 6. Tho 
resistances to be compared are inserted between the metal plate H, 
which can be connected with one pole of the battery by means of 
the key I, and two thick copper rods L L, which slide in tho 
terminals K E. The other pole of the battery, for which generally 
a single Danicll cell is used, is connected with the slider B and 
the platinum roller. The terminals E E and the metal pieces E E, 
which serve to secure the platinum wire, are joined up by means 
of thick copper rods with the four plates of the plug commutator S. 
By changing the two plugs the resistances to be compared can bo 
interchanged. The ends of the coil of the galvanometer used aro 
also connected with the metal pieces E E. In the following 
measurements a mirror galvanometer was used, with a circular 
steel mirror 82""» in diameter, and wound with 3G,000 convolu- 
tions of copper wire 0*15"°* thick. The distance of the milli- 
metre scale from the mirror was 6^ metres. Tho measurements 
collected in the following table were made for the most part by 
Dr. Esselbach with the apparatus desciibed. 

The following was the method employed. Each end of the 
glass tube to be tested was fixed by means of an india-rubber cork 
in the tubulure of the retort receiver. This receiver was so 
arranged that the unused wider neck was directed upwards, and. 
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together with the connecting tube, placed in a trough filled with 
pieces of ice. One receiver was then filled with purified dry 
mercury, which filled the tube and ran thi'ough it into the empty 
receiver. When the level of the mercuiy was the same in both 
vessels the tube was, as a rule, quite full of mercury and free from 
bubbles. Thick amalgamated copper wires were passed into the 
mercury through the necks of both of the receivers, and the resist- 
ance of the tube was then compared by means of the bridge just 
described with a Jacobi's standard resistance.'^ 

The resistance of the connecting wires was determined by 
plunging both amalgamated copper cylinders into one vessel filled 
with mercury ; but it was found to be negligeably small in com- 
parison with the resistance of the tubes. 

The experiments collected in the following table were so arranged 
that in the first position of the commutator the slider B B was 
moved until the galvanometer showed no permanent deflection 
when the key I was pressed down. The resistances to be com- 
pared were then interchanged by the commutator, and the slider 
was again adjusted. These two readings are given in the columns 
marked a and l. If the observations were free from error the 
sum of both should equal 1000, which in the majority of instances 
was very nearly the case. 

It must, however, be here remarked that after a balance had 
been obtained, on completing the circuit a small deflection of some 
divisions was always observed, indicating a greater resistance of 
Jacobi*s standard, which consisted of coils wound parallel. As on 
breaking the circuit an opposite deflection of the same amount 
occurred, it was evidently to be attributed to the extra current in 
the coils of the Jaoobi standard. It was Airther observed that if 
the current was kept on the mercury became warm, although 
only one Daniell cell was employed. Owing to the slow oscilla- 
tion and the great damping of the swings of the mirror used, 
the error thus occasioned could be easily eliminated by only 

* At first we used iron tubes as conductors, instead of amalgamated copper 
wires. We found, however, that there was a very considerable surface resist- 
ance between the iron and the mercury, although the surface of the iron was 
(]uite clean. This resistance also occurred with unamalgamated copper, and 
was particularly great when the cylinder, after having been cleaned, nad been 
exposed for some time to the air ; so that the phenomenon is probably due to 
the film of gas condensed on the surface of the metal. 
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allowing currents of short duration to traverBC the instmment. 
The slider was always arrauged so that on cloetng the circuit 
there was a slight deflection to the left, which in conseqaencc 
of the heating due to a contiuQance of the cnrrent changed 
into a deflection to tbc right. By again slightly shifting the 
position of the slider the deflection to the Icil could be made 
exceedingly small, and the cfTcct of the heating thus entu^ly 
removed. 

The line denoted by W is obtained by multiplying the pre- 
ceding one by the number 6C1'8, which number is obtained by 
comparing the calculated resistance of tube No. % with the 
resistance of the Jacobi standard employed. The numbers in 

Fig. 28. 



this line ought consequently to agree with the calculated resist- 
ances of the tubes, as given in Table III. The lino indicated by 
J contains the quotients of the calculated by the observed 

rcsiatancee, which show that the differences are not greater than 
were to be expected. The principal errors in our measui-pments 
have arisen from neither the temperature of the mercuiy nor that 
of the copper standard employed for comparison being quite con- 
stant. The temperature of the ice water varied between 0* and 2*, 
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and that of the standard between 19° and 22" C. But as the con- 
ductivity of copper is diminished by heating by 0'4 per cent, per 
degree Centigrade, the differences, which do not amount to 1 per 
cent., are fully accounted for ; and there can be no doubt that the 
method employed is available for the reproduction of standard 
resistances to any degree of accuracy. 

The observed resistances of Table IV. ought properly to have 
been diminished by the amount of the resistance to the passage of 
the current in the mercury of the glass vessel, or of the surface 
resistance in passing from the orifice of the tube to the amalga- 
mated leading wires. This resistance may without great error be 
considered as the resistance of a hemispherical cup, the inner 
radius of which is equal to the inner radius of the tube, and itft 
outer radius is very great compared with r, and may therefore 
be taken in the calculation as infinitely great. The resistance 
of a hemispherical cup of the thickness d x and radius x may 
be represented by 

whence 

no 

-rrr_ /* dX __ 1 T 

J 'tl^lT ~YVF * 2Vr^' 



The resistance to the passage of the current in both masses of 
mercury is therefore equal to the resistance of an increase in the 
length of the tube by half its diameter. If owing to the end 
surfaces of the tube being flat instead of hemispherical, as assumed 
in the calculation, a slight increase of the resistance is caused, 
jet the whole amount is so small that it can be conveniently 
neglected. 

The straight tubes employed in the experiments previously 
mentioned are somewhat unsuitable for use as standards. I there- 
fore got Mr. Geissler, of Berlin, to make some similar spiral glass 
tubes with turned up ends, and having little glass vessels provided 
for the reception of the leading wires. These spirals were fixed 
into the wooden cover of a wide vessel filled with water, as shown 
in Fig. 26. The temperature of the water was observed by means 
of a thermometer introduced through an opening in the wooden 
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cover. The filling of the glass spiral with mercury free from air 
bubbles was easily eflFected as follows. The mouth of the tube in 
one of the glass vessels was first closed by a suitable stopper, while 
the other vessel was filled with mercury ; then the stopper was 
carefully raised, and only quite removed when the mercury had 
slowly passed through the whole of the windings of the tube. 

As mercury is not found in the series of metals for which 
Amdsten* has determined the variation of the specific resistance 
with temperature, this deficiency had to be supplied in the first 
place, which Dr. Esselbach did by means of the arrangement 
described. The resistance of one of the spiral tubes was com- 
pared with that of the straight tube No. 2, first at the temperature 
of melting ice, and then at higher temperatures. If w represents 
the resistance of tube No. 2, equal to 498*7 in Table III., w^ the 
resistance of the spiral tube ; and remembering that the resistances 
of the leading wires to tube 2, and to the spiral were each made 
equal to 11 mercury cubes of V^^ side, it follows that — 

w+11 a 



«^i + ll ^ 

where a and }> represent the lengths of the portions of platinum 
wire of the bridge, when no current passed through the galvano 
meter. This was the case when — 

a ^ 311-8 
6 "* 688-7 

whence Wi « 219'4. 

The temperature of the straight tube was now maintained at 
0° by means of melting ice, whilst the water surrounding the 
glass spiral was heated. In the following table t represents the 
temperature of the straight, f that of the spiral tube, a and p the 
lengths of wire when balance was obtained, y the required co- 

w ^ (I + y ^) + 11 ^ a \ 

w{l +yt) -h 11 ^ b' V 



ctlicient, calculated by Arndsten's formula — ^ 
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TABLE V. 



1 u 


t^ 


a. 


». 


0' 






Arc. 

34-5 
16-5 


820-4 
818 
814-6 


679-5 
682-0 
685-4 



Mean 



0000964 
0-000960 
0*000981 

. 0-000968 



It hence follows that of all the simple metals mercury is tlic 
one, the resistance of which is least increased by increase of 
temperature. 

With the aid of this coefficient the resistances of both the 
other glass spirals A and B were determined, which were afker- 
wards used as a standard for the preparation of copies of the 
resistance in Oerman silver. The resistance of spiral A was 
514-45 at 0% and of spiral B 673*0. 

German-silver wire is specially adapted for the preparation of 
standard resistances, because its conductivity is very low, and 
only varies with variation of temperature by about 0*04 per cent, 
per degree Centigrade according to Arndsten. 

In the previous experiments the resistance of a mercury cnbc 
of V^^ side was always employed as the unit of resistance. I<*or 
email resistances, and especially for the calculation of resistance, 
this unit has many conveniences. It appears, however, to be 
advisable to bring the unit of resistance into more perfect accord- 
ance with the metric system ; I therefore propose to employ as 
the unit of resistance, the resistance of a prism of mercury 1 
metre in length and 1 square millimetre in section at 0" C. 

If this proposal should receive general acceptance^ then all 
specifications of resistance could be at once reduced to the 
metrical system. Each physicist would be able to get a unit of 
resistance as accurate as his instruments permit or require, and to 
check the variations of the resistance of the more convenient 
metal standards. In such case it must follow that mercury will 
in future be taken as the unit of conductivity, and not copper or 
silver as formerly. Unfortunately but few comparisons have been 
made of the conductivity of mercury and of the solid metals from 
which such a table could be calculated, and in most comparisons 
of the conductivity of solid metals it has not been stated whether 
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hard, drawn, or annealed wire was used. From the following 
table, however, ifc appears that the conductivity of anneAled wires 
is considerably greater than that of unannealed. 



1 


2 


3 


4 


5 


6 


Kind of Wire. 


LengtJiin 

iriii- 

nietrea. 


Weight in 

MUi- 
grammes. 


Specific 
Gravity. 


ResiRtance 
at 0** tem- 
perature. 


Con- 
ductivity. 

Mer- 
cury =1. 


1. Silver wire, hard 


4014-4 


4884-9 


10*479 


614*65 


56*252 


annealed . 


4014-4 


4889-1 


10*492 


637*2 


64*38 


2. do. hard 


4014-4 


8283-1 


10*502 


896*1 


58*20 


annealed . 


4014-4 


3009-6 


10*6132 


889-08 


63*31 i 


3. Copper, hard . 

4. do. hard . . 


4014-4 
4014-4 


3099-5 
4409-1 


8*925 
8*916 


890-5 
622-7 


62*109 
52*382 


annealed 


4014*4 


4865-2 


8*903 


699*05 


52*013 


5. do. hard . . 


2007-2 


1260-4 


8*916 


645*8 


62*217 


annealed 


2007-2 


1252*7 


8*894 


617 


56*419 


6. do. hard . . 


2007-2 


1263-2 


8-916 


645-6 


62-121 


annealed 


2007-2 


1241*5 


8-894 


520*8 


55*338 


7. Platinam, hard . . 


436-4 


544-1 


21-452 


910*6 


8*244 


8. do. hard . 


436-4 


560-1 


21*452 


■897*7 


8*27 


9. Brass, hard . . . 


1003*6 


1406*1 


8*473 


530*6 


11*439 


annealed . 


1003*6 


1397-8 


8*464 


451*7 


13*602 



It follows that the specific conductivity of annealed silver wire is 10 
per cent., and that of annealed copper wire on the average 6 per cent, 
greater than that of unannealed silver and copper respectively. This 
increase is specially noticeable Avith brass. As the hardness of drawn 
wire depends on the amount of its stretching after the last annealing, 
the hardness and conductivity must vary even when the metal is 
perfectly uniform. The temperature at which the wire was 
annealed, the duration of the annealing process, and the rapidity 
of the cooling, all aflfect the value of the specific conductivity. 
Column 5 of the above table is calculated according to the 
previously explained formula — 



3 



The coefilcient of correction 



i+V«+;/«- 



', for conical shape, 



may be left out of account with metallic wires, as it docs not 
diflfer essentially from 1 ; and so this method is evidently much 
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more exact than that formerly used, in which the mean diameter 
of the wire had to be ascertained by direct measnrement, and the 
sqnare of this yalae entered into the calculation, rendering the 
method still more inexact. In the method I employ, on the 
contrary, all data may be determined with great accnracy, especi- 
ally the length, which here enters as the sqnare. 

If the above table is compared with that prepared by Amdsten, 
it will be seen that the observed mean value of the conductivity 
of nnannealed platinum, viz., 8'257, and the least value of 
unannealed silver, 56*252, are exactly in the ratios given by 
Amdsten, whilst the resistance of copper in the Amdsten table 
corresponds pretty well with the annealed copper wire of mine. 
As the silver and platinum used by me and Amdsten were 
chemically pure, I have in the calculation of the following table 
taken the resistance of platinum and hard-drawn silver as a basis. 
The values taken from Amdsten's table are indicated by an (A), 
those observed by myself by (S). 

TABLE VL 

Conductivity of metals at the temperature t compared with 
that of mercury at 0** C. 

^'"'"^ 1 4- 0*00095 t <^^ 

Lead , ^'^^^Ln . (A) 

1 + 0-00876 t ^ ' 

Platinum , ^'^f 3. , , (A, S) 

1 + 0-00376 t ^ ' 

T ' 8-3401 ... 

i + 0-00413 i + 0-00000527 /» ^ ' 

German silver \^;^ ,^x 

1 + 0-000887 i - 0-000000557 i^ ^^ 

do. annealed 4-137 (S) 

Brass, hard 11-439 (S) 

do. annealed 13*502 (S) 

, , 14-249 , . V 

^* • 1 + 0-00166 i - 8-00000208 fi ^ ^ 

N 2 



l80 THE SCIENTIFIC PAPERS, ETC., OF 

TABLE VI (con/tniM(2). 

^"^-•^ 1 ^ 0008688 I (^) 

do. hard 56-207 (S) 

do. aonealed 55-253 (S) 

Silver, hard |^*!o!,.-t (A, S) 

* 1 + 0-003414 t ^ ^ 

do. annealed 64*38 (S) 

For the Bake of convenience, I have given Amdsten's observed 
valnes with the correction coeflScient given by him for increase 
of temperature. Whether these are the same for annealed and 
nnannealed wires I have not been able to determine. The brass 
upon which I experimented contains, according to an analysis 
made in my laboratory, 29-8 per cent, of zinc and 70*2 percent, of 
copper. 

In conclusion, I would remark for the benefit of those who 
may wish to prepare standards in the manner described that it is 
necessary to warm the mercury for some hours under a layer of 
concentrated sulphuric acid mixed with a few drops of nitric acid, 
80 that all metallic impurities as well as the absorbed oxygen 
which greatly increase the conductivity may be altogether 
removed. 



ON UNITS OF RESISTANCE AND THE DEPENDENCE 
OF THE RESISTANCE OF METALS ON HEAT.* 

Ik opposition to the proposal made by me in this Journal of a 
reproducible unit of resistance, Mr. Matthiessenf has lately set up 
one of his own. Whilst I proposed to adopt as the unit of 
resistance, the resistance at 0' C. of a column of mercury 1 

 PowjendoriTs Ann. d. Phya. n. Cliem., 1861, Vol. CXIII. p. 91. 
t Poggendorff's Ann. d. Phys. u. Chcm., Vol. CXII. p. 353. 
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metre long and 1 sqoare millimetre in section, Mr. Matthies- 
sen proposes to employ Weber's absolute unit as the general 
unit of resistance^ to compare it with the resistance of a wire 
made of an alloy of gold and silver, and then to reproduce it 
by manufacturing similar wires from the same alloy. 

The first portion of Mr. Matthiessen's proposal has at first 
sight much in its favour. On a closer examination, however, 
there are very important considerations against it. A unit can 
only fulfil its purpose when it can be made as accurate as 
the instruments by means of which it is to be compared with 
others. If an arbitrarily chosen standard capable of reproduction 
by means of copies is to be objected to, as is actually done by 
Mr. Matthiessen, then necessarily the directly manufactured 
fundamental unit must be capable of reproduction with such 
exactness that our most delicate instruments are unable to 
detect any difference. This however is, unfortunately, not the 
case with regard to the determination of absolute resi^ance 
according to Weber's method. It is also not to be supposed 
that the method can be so perfected as nearly to satisfy the 
above requirements, for the measurement of the current and of 
the electromotive force in absolute units must precede the de- 
termination of the absolute resistance, and all the errors 
introduced in these difScult determinations of units recur in 
the determination of the absolute resistance. Indeed it may 
be affirmed with certainty that even the most expert scientists, 
equipped with the most perfect instruments and localities, will not 
be in a position to make determinations of absolute resistance 
which would not differ from one another by several per cent. But 
so little accurate a unit would not even serve for technical require- 
ments, and even if it were possible to determine the absolute unit 
of resistance with very great accuracy, we should still be without 
an absolute unit for the conductivity of bodies, and should there*- 
fore again have to choose an arbitrary unit of conductivity. It 
is, however, much more convenient and explicit to define the unit 
of resistance as the resistance of a prism-shaped body of the 
material which has been taken as the unit of conductivity* 
Besides these reasons the absolute unit of resistance is unsuitable 
for general use, because it is so impracticably small, and is nob 
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based upon a simple geometrical notion. Great however as is the 
value of the absolute unit of resistance for many purposes and 
calculations, and important as it is to know the value in absolute 
units of all other units of resistance generally used, it cannot but 
be considered as unsuitable for a universal standard of resistance. 
Mr. Matthiessen confines himself to the statement, '^that the 
absolute unit of resistance is and always must be the best/' with- 
out giving reasons for this assertion, or giving figures which would 
render it possible to actually reproduce it by means of the gold 
and silver alloy. He only wishes to give a preliminary proof that 
wires drawn firom the gold-silver alloy suggested by him were 
specially suitable for the exact reproduction of units of resistance 
and for the manufacture of standard resistance coils. But this 
proof has quite failed according to his own figures, for whilst his 
soft wire No. III. has a conductivity of 14*92 (that of hard silver 
wire being taken as 100) the soft wire No. YII. has a mean con- 
ductivity of 15*16 ; differences of more than \\ per cent, are thus 
shewn to exist. 

But even if the least concordant results are set aside, differences 
still remain, which in most cases reach nearly to 1 per cent. As 
good instruments for measuring resistance permit of measure- 
ments being easily made which agree to within one ten thousandth, 
it follows from Mr. Matthiessen's own results that his proposal has 
entirely fiuled. Even if the conductivity of the alloy was always 
exactly the same, and the wires were perfectly cylindrical and 
homogeneous, small resistances could certainly not be manufactured 
with exactness by its means, for at the points of contact of the 
ends with the connecting wires variable resistances of considerable 
amount always arise. 

The objections which Mr. Matthiessen brings against the use of 
mercury as a unit of conductivity and for the production of 
standard resistances are partly founded on the erroneous supposi- 
tion that I suggested the employment of glass tubes filled with 
mercury as standards of resistance for continual use. But such is 
absolutely not the case. I have proposed to manufacture standard 
resistances of German-silver wire in the way which I have ex- 
plained, having the resistance of the proposed mercury unit. 
German silver is anyhow much more suitable for the manu&cture 
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of standard Tesistances than the coBtly alloy of gold and Bilver, 
because its condactivity is much less, and it varies less with altera- 
tions of temperature. The German-silver wire used by Mr. Halske 
and me for the manufacture of standard resistances and boxes has 
a conductivity of only 3*22, mercury being taken as 1, and its 
resistance increases on heating by only 0*000272 per degree 
Centigrade. Mr. Matthiessen*s objection that the mercury must 
be constantly renewed, because it would be rendered impure by 
the copper wires dipping into it, cannot however be considered 
serious, for the slight trouble of filling the spirals with freshly 
purified mercury can easily be undertaken, when new standards 
have to be made or old ones adjusted. Moreover if we are 
satisfied with an exactness of 1 or 2 per cent., which Mr. Matthies- 
sen considers sufficient^ platinum or iron wires can be used instead 
of copper for the connections, for the surface resistance between 
mercury and solid unamalgamated metals is only considerable 
with measurements of greater amount. That my method really 
fulfils its object, however, viz., the direct production of standard 
resistances within any required degree of accuracy, may be proved 
by the measm*ements contained in the following table, which have 
been made with the greatest care, with the object of representing 
as exactly as possible the unit of resistance I have proposed, that 
is a column of mercury 1 metre long and 1 square millimetre in 
section at 0*" C. The glass tubes were intentionally chosen of very 
various diameters, and filled with mercury from various sources, 
which was purified by heating with English sulphuric acid in the 
manner described. 

TABLE I. 



No. of 
Normal 
Tabes. 


Calculated 

Resistance of 

Normal Tube 

atO*. 


a. 

Reading 

of Bridge 

Wire. 


Temperature. 


Obserred Resistance of the 
Spiral Wire. 


t. 

13-55 
16-68 

14-85 
15-98 

15-0 
16-22 


«i. 


s,. 


8ii. 


Sni. 


8 

7 

8 

7 . 

8 

.7 


555-99 
1917-32 

555-99 
1917-82 

555-99 
1917-32 


161-4 
899-1 

884-45 
683 

217-5 
489-7 


14-4 
15-8 

16-15 
16-6 

16-2 
16-7 


2886-48 
2886-45 

• •• 

•  • 

• « • 

•  • 


• • • 

889-48 
889-86 

 • • 

•   


• • • 

• • a 

• • • 

1998-0 
1997-22, 
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The TalneB in the last three oolmnna headed Wq are calculated by 
means of the formnia — 

_ . (1000 - fl) [1 + a (^ - fO ] 

**'o — 'o — ~' ~ • 

a 

The numbers in the column headed t represent the temperature of 
the straight standard tubes^ t^ that of the spiral tubes to be com- 
pared* Both were continually surrounded by water in motion. 
The value of a is taken as 0*001 instead of 0*00095 as previously 
given by me, as will be explained later. The agreement between 
the measured values of the resistance of the spiral tubes shows 
that the sum of the errors of observation reaches only ^ per 
thousand in the case of the spiral tube S„, and accordingly the 
accuracy of the standard may be relied on within this limit. Both 
the standard and the spiral tubes were filled with mercury freshly 
purified before use. It is always advantageous to do this, although 
many comparative tests have satisfied me that the resistance of 
the mercury in the tube remains absolutely unaffected after a 
week's use either by the oxidizing action of the atmosphere or the 
effect of the dissolved copper in producing impurity.* 

At this point I must refute the charge of a serious error which 
Mr. Matthiessen brings against me and rebut it on himself. Mr. 
Matthiessen, quoted verbatim, makes the following remark with 
regard to my work : " for traces of foreign metals (0*1 percent, or 
0*2 per cent.) cause a diminution in the conductivity of pure 
mercury, and not as Siemens says an increase." I really cannot 
understand how a mistake of this kind, so easily verifi^ by ex- 
periment, could have been made. I must maintain my statement 

* As Mr. Mattliieseeii lays stress on the difficulty of prodnciiig perfectly pure 
mercury in sufficient quantity, it would appear that he wishes to make out 
that in his opinion the very simple mcthoa 1 propose for the purification of 
commercial mercury is not adequate. In oraer to remove tnis doubt, Dr. 
Quincke was so good as to place at my disposal for a comparative experiment 
a quantity of mercury most carefully prepared by himself from oxide of mer- 
cury. Dr. Quincke satisfied himself by his own observation that there was 
not the least difierence observable in the resistance of one of my spiral tubes 
when the purified commercial mercury in one of them was replaced ^vith 
freshly prepared chemically pure mercury. Their conductivity could'there- 
fore not have differed by 0*0001, for my instruments measured such a difference 
accurately. 

At the same time, Dr. Quincke convinced liimself that the resistance of the 
Kpiral became less when the mercury was rendered impure by the admixture 
of copper amalgam ; its conductivity, therefore, considerably increased. 
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as absolutely correct, at least as regards all metals experimented on 
by me, namely, silver, tin and zinc. 

I consider myself justified in the general conclusion that the 
conductivity of liquid metallic mixtures is that of the com- 
ponent metals, in the liquid condition, and at the same tempera- 
ture, separated from one another, and that the cause of the great 
diminution of conductivity of solid alloys is to be looked for in 
the solidifying process itself. The following experiments show that 
there is at least a great deal of probability in this assumption. 

The resistance of a spiral tube filled with pure mercury was 
compared in the usual manner with that of a similar tube. The 
pure mercury was removed firom the tube, which was filled with 
mercury in which zinc had been dissolved. After the resistance 
had been measured, the mercury was carefully collected, and the 
zinc in it was determined by analysis. The same experiment was 
frequently repeated with mercury containing less zinc. In the 
foUowing table the first two columns, headed /and Z^, give the 
temperatures of the spiral tubes surrounded by water, the one 



u 


«!• 


a. 


v. 
1-0328 


M. 


A. 


18-3 


18-8 


492-6 







20-1 


20-5 


357-5 


0-7984 


1-52 


11-2 


18-4 


18-3 


541-5 


0-8464 


0-76 


12-7 


20-3 


20-6 


529-8 


0-8870 


0-825 


11-2 . 



headed a the deflection, that with w the resistances of the spiral 
filled with impure mercury calculated from the previous data, the 
next column contains the per-centage of zinc found by analysis, 
and the last the calculated conductivity of the zinc. 

The conductivity of the zinc was calculated according to the 
formula — 

s .m .iff ' 

in which W represents the resistance of the spiral filled with 
pure mercury, w that of the tube filled with mercury contain- 
ing zinc, m the per-centage of zinc, s the specific gravity of the 
mercury, and a that of the zinc. 
The formula is derived from the consideration that the ratio of 
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that portion of any section of the tube filled with zinc to that of 
the whole section is — ^,and that therefore if j represents a 

section of the whole tube and g^ that filled with zinc-^ 

fi' : Ji = 100 9 \m .B (1) 

?i X + (gr - y J = ] and ... . (2) 



? = 






(8) 



Por B and o- the values 18*56 and 6*9 are taken. 

The condnctivitj of zinc thus obtained is greater than that 
obtained by Becquerel (8*3), but much smaller than that given by 
Matthiessen, viz., 18. The last result may well be considered as 
the most reliable, for Matthiessen expressly states that he used 
chemically pure zinc. If the assumption is correct on which the 
calculation is basedf fluid zinc must be a much worse conductor 
than solid zinc at the same temperature. Experiments made with 
tin, copper and silver in the same way give the same result. With 
copper and silver the conductivity is proportionately much less, as 
may be seen from the following table for silver. 



15 


a. 


10. 


m. 


A. 


602*65 


0-6594 





•   


15 


603-70 


0-6565 


0-044 


8-8 


15 


607*9 


0-6448 


0-21 


9-3 


15 


613-5 


0-6301 


0-53 


7*8 



The resistance of the glass spiral was in this case compared with 
a Oerman-silver unit. The amount of silver was not, however, 
determined by a subsequent analysis, but calculated from the com- 
position. The specific gravity of silver is taken as 10*5. To guard 
against any solid amalgam separating out in the blown glass vessel, 
ajB may easily happen when mercury is passed slowly into a glass 
tube of small section, it was forced in by means of a small pump 
tmder considerable pressure. It is quite possible that notwith- 
standing this measure of precaution the amount of silver in the 
mercury contained in the tube may prove somewhat smaller ; but 
then the conductivity of the fluid silver would prove even smaller 
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than calcnlation makes it. It wonld therefore be Btill smaller in 
proportion to fluid zinc, whilst it is three times greater when both 
metals are in the soUd condition. 

Mr. Matthiessen * has proved in the case of potassium and 
sodium that the resistance of some metals increases suddenly on 
passing from the solid to the fluid state, but still the proportion- 
ately small differences which he obtained for these metals do not 
sufiice to explain the large differences found here. In order to 
clear the matter up I filled a glass vessel placed in a stearine bath 
with pure tin. The tin melted at 224** C, according to the 
mercury thermometer used, which was not further tested, and 
completely filled the glass tube. After the tube had been heated 
np to 280"* I measured its resistance, and then allowed it to cool 
slowly, the liquid stearine being kept in continual motion by 
blowing in air, and again measured the resistance after the tem- 
perature had remained constant for some time. These measure- 
ments are collected in the following table : — 











Lw^ 




No. 


a. 


u 
280 


"i- 


t 
At' 


ou 


1 


689-6 


389-22 


• « • 


i 


2 


642-7 


249 


382-61 


0-216 


0-0026 


3 


647-05 


226 


373-21 


0-404 


0-0099 


4 


766-25 


219-6 


176-28 


30-77 


0-3772 


5 


767-6 


183 


157-48 


0-614 


0-0063 


6 


792-8 


99-5 


120-48 


0-444 


0-0054 


7 


802-65 


66*5 


106*8 


0-413 


0-0061 


s 


821-8 





81-67 


0-379 


0-0046 


9 


817*15 


13-9 


87-07 







The numbers in the column headed Wt are calculated according 
to the formula — 

1000 -a 
a 



u\ = w 



- h 



in which w^ represents the resistance of the tube at the tempera- 
ture /, Wq its resistance at 0**, a the reading of the vernier of the 
bridge, and / the resistance of the conducting wires to the spiral. 
The latter amounted to lll-95™»», or small units.f The 

 Pojjg. Ann., Vol. C. p. 177. 

t This measure of resistance is ^Jq of a unit, or the resistance of a cube 
!■■> side. 
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numbers in colamn a are all means of two measurements made 

with the arms of the bridge reversed by a commutator without 

resistance. Measurements in which the sum of both readings 

differed by more than 0*5 in 1000 were rejected. The comparison 

resistance was maintained at O"" C. by means of ice. When filled 

with mercury the spiral had a resistance of 742*24. The conduc- 

. . 742*24 
tivity of zinc is hence =9*1. The last measurement is a 

^ 81-51 

preliminary control measurement, made on another day, according 
to which the conductivity of tin is 0*1. It follows from the 

numbers given in the column headed — -*, which contains the 

mean increase of resistance per degree between consecutive tem- 
peratures, that the increase in resistance of solid tin increases in 
an ascending progression on approaching the melting point ; that 
on passing the melting point a sudden increase in the resistance 
takes place, which reaches nearly 2^ times that at O"* C. ; and that 
as the fluid tin is further heated the resistance gradually dimi- 
nishes again, and at about 45*" above its melting point it is only 
half what it was at the freezing point. If the numbers in this 
column are divided by the resistance at 0* (81*57), the coefficient 
of increase of resistance for the respective intervals of temperature 
is obtained. A glance at the figures in the column marked a shows 
that they tend towards a constant on both sides of the melting 
point. It is probable that this value for solid tin agrees with 
that found by Amdsten for other simple solid metals. The value 
obtained for fluid tin should also be compared with the coefficient 
for mercury, but a proper basis for such a comparison is wanting, 
because mercury being fluid at O"", its resistance at this temperature, 
with which the increase of resistance has to be compared by means 
of the coefficient a, of course already includes the increase of 
resistance caused by the passage into the fluid state. It may be 
assumed with certainty that such a sudden reduction of conduc- 
tivity occurs with all the simple metals upon fusion, for this is not 
only the case with the three already experimented upon — potassium^ 
sodium, and tin — but has also been observed by me with solid 
amalgams and easily fusible alloys. In the case of the last-named, 
however, the jump is much smaller than with tin, a peculiarity 
which, however, appears to belong principally to alloys, and which 
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is, perhaps the actual cause of their diminished conductivity. 
Olaosius* has aheadj shown that the resistance of all pure metalsf 
is nearly proportional to the absolute temperature. In fact, the 
difference observed can be perfectly accounted for by small in- 
equalities of the resistance at 0**, in consequence of slight impuri- 
ties in and special softness of the metals compared. Mercury alone 
forms a decided exception. From the analogy of tin, solid mercury 
at a suflScient distance from the melting point may probably be 
included among the other simple metals, and Clausius^s law would 
include all pure metals, with the limitation that they are far 
removed from their melting points. The variations in the 
neighbourhood of the melting point may be conceived as a gradual 
approaching to and termination of the melting process. The 
conductivity of all simple metals would hence be infinitely great 
at the absolute zero of temperature, or resistance would be 
a phenomenon accompanying temperature and quantitatively 
directly dependent on it. If this dependence of resistance on 
temperature or on the quantity of heat in bodies, which can now 
be affirmed of it without essentially deviating from facts, can also 
be established beyond the melting point, then electrical resistance 
might actually be considered as a heat phenomenon, and we should 
obtain a strong new connecting link between the two natural 
forces heat and electricity. Unfortunately there are at present too 
few experiments on the latent heat of fluid metals, their capacity for 
heat, and alteration with temperature, as well as on the resistance 
of fluid metals and metals heated to higher degrees of temperature 
to be able to prove this assumed direct inter-dependence. 

In conclusion, I subjoin two tables of experiments, which prove 
that the increase of resistance of mercury, as well as of copper, 
may be considered as constant between the freezing and boiling 
points. The mercury was distilled, and shortly before use was 
heated, while being continually stirred, under a layer of English 
sulphuric acid containing a few drops of nitric acid. Two spirals 
filled with this mercury were placed in glass vessels containing 
water, surrounded with bad conductors of heat. The temperature 
of one vessel was kept as constant as possible, whilst that of the 

• Pogg. Ann., Vol. CIV. p. 650. 

t Iron always contains carbon, and cannot therefore be considered as a 
«imple motal. 
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other was gradually raised by passing steam into it. The tem- 
perature was read by means of a Geissler's thermometer graduated 
to 1-lOth of a degree. In order that the temperature of the whole 
mass of water might be uniform, air was continually blown into it, 
so as to keep it in rapid motion. 



No. 


U- 
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a. 
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At. 


Atr,* 
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1 


16-98 


18'61 


808-4 


890-78 


18-51 


14-66 


0-78 


2 


17-84 





304-9 


876-18 








8 


17-86 


28-69 


810-5 


899-78 


28-59 


28-55 


0-82 


4 


18-06 


27-79 


810-8 


898-69 


27-79 


22-61 


0-81 


5 


18-2 


42-24 


818-86 


911-55 


14-45 


12-86 


0-89 


6 


18-2 


41-14 


818-10 


910*49 


18-85 


11*80 


0-88 


7 


18-2 


40-49 


812-8 


909-28 


12-70 


10*64 


0*82 


8 


18-45 


59-59 


816-8 


926-24 


19-10 


17-01 


0-89 


9 


18-5 


67-14 


816-8 


924-10 


16-65 


14-87 


0-89 


10 


16-65 


65-29 


816-9 


922-40 


14-80 


18-17 


0-89 


11 


18-6 


97-44 


824-7 


960-45 


42-15 


88*05 


0-90 


12 


18-8 


97-14 


824*6 


960-01 


41-85 


87*61 


0*90 












Moan . 


0*86 



The column headed t^ gives the temperature of the comparison 
resistance, that headed i the temperature of the heated spiral 
reduced by the constant temperature (17*84) of the comparison 
resistance. The copper wire used in the measurements of the 
following table was about 0*2°^™ thick, covered with silk, and 
loosely wound upon a small frame of ebonite. The ends of the 
wire were soldered to thick copper wires, which had a resistance of 
11'9, whilst the leading wires of the mercury spiral, which was 
kept constant at O"* C. by means of iced water, had a resistance of 
only 1'8. The little frame wound with copper wire was put into 
a test tube filled with well-boiled oil, which was itself placed in a 
vessel fiUed with water. The thermometer, which reached into 
the frame, was therefore surrounded by the wire of which the tem- 
perature had to be determined. The heating of the water was 
effected by steam in the maaner described. By regulating the 
supply of steam the temperature in the test tube was maintained 
quite constant for a long time. The resistance of the mercury 
spiral used as a comparison resistance was 1997 '5 at 0*. 

The numbers in the column headed — ^', which are obtained by 



WERNER VON SIEMENS. 



191 



division of the noinberg standing in the same line in the two pre- 
ceding columns, and give the increase of resistance for one degree 
rise of temperature, agree sufldcientlj in both tables, and show- 
that the curve of increase of resistance both with mercury and 
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433 -95 


1520-8 
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19-8 


448-70 
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95-14 


4-90 
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• • • 


88-1 


462-15 


1706-01 


18-3 


90-07 


4-92 
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53-4 


478-25 


1783-96 


15-3 


77-95 


5-09 


5 




67-4 


482*90 


1855-10 


16-0 


71*14 


5-08 


6 




87-8 


496-2 


1954-24 


19*9 


99-14 


4-98 


7 




19-8 


448-70 


1615-94 








8 




49-9 


471-00 


1768-20 


30*1 


152-26 


5*05 


9 




72-1 


486-0 


1878-49 


22-2 


110-29 


4-97 


10 




91-4 


498-2 


1973-06 


19-3 


94*57 


4-90 


11 




88-2 


462*3 


1708-43 
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54*6 
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1790-83 
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82-40 


5*02 
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70-3 


484-7 


1868-67 


16-7 


77-84 


4*95 
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91*4 


498-2 


1973-06 


21-1 


104-39 


4*94 
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. 4*98 



copper may be considered a straight line. If the mean increase of 
resistance is divided by the resistance at 0% the co-eflScient a is 
obtained, which is 0*000985 for mercury and 0'00829 for copper. 

The coefficient originally given by me for mercury, 0*00095, as 
well as that communicated later by Mr. Schroder van der EoUc,^ 
viz., 0*0008, were therefore both too small. The reason that the 
coefficient obtained for copper, 0*00829, is so much smaller than 
that given by Arndsten, 0-0036, may be that I made use of com* 
mercial copper, having a conductivity of 46*7, whilst perfectly 
pure copper obtained by melting electrolytic copper under hydrogen 
has the conductivity 56*4. I cannot understand why at the end 
of his paper Mr. Matthiessen makes use of the expression that 
it is far from true that the conductivity of both pure and com- 
mercial copper varies proportionately with the temperature, as 
usually supposed, for he does not support his statement by giving 
any experiments. 

• Pogg. Ann., Vol. CX. p. 452. 
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STANDARDS OF RESISTANCE .♦ 

The desire to bring about unanimity in the matter of an exact 
unit of the resistance opposed to the passage of electric currents 
has determined the proprietors of the widely known telegraph 
manu&ctorj at Berlin, to prepare a number of exact copies of the 
unit of resistance which Dr. Werner Siemens has proposed and 
described, viz., a column of mercury one metre long and one square 
millimetre in section at 0** C.f , and to send them to physicists and 
telegraph engineers with a request to use them in determinations 
of resistance. 

Messrs. Siemens and Halske have also had the goodness to supply 
me with such a standard of resistance, accompanied by another in 
the form of glass spirals, suitable for the reception of mercury. 
Both instruments, as well as resistance boxes from 1 to 1000 units, 
arranged like a set of weights prepared in the above mentioned 
establishment, certainly effect their object in the highest degree 
and deserve the widest application. 



ON THE HEATING OP THE GLASS WALL OF THE 

LEYDEN JAR BY THE CHARGE.: 

As it appeared probable to me that the glass wall of the Leyden 
jar must be heated by its chai'ge and discharge, I have arranged an 
apparatus, by which very slight heatings can be observed with 
cercainty. The result of the experiments made with it fully 
corresponded with my anticipations. The apparatus is of the 
following construction. I had equally fine iron and German-silver 
wires covered with silk. These wires were then cut into lengths 
of about one decimetre, and each German-silver wire was soldered 

* Notice bv Heir PoggendorfT in PoggendorfTs Ann. d. Phy. u. Chem., 
1B0S, Vol CXX. p. 612. 

t PogK. Ann., Vol. CX. p. 1 and Vol. CXIII. p. 90 ; Phil. Mag. Mar., 1863. 

t Monthly Report of the Berlin Academy, Oct., 1864. Poggendoiifs Ann. 
d. Phys. n. Cl>cni., 1864, Vol. CXXV. p. 137. 
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to an iron wire. The wires so connected were laid on a plate of 
glass covered with a cement of colophoniom and shellac, so. that 
the soldered junctions of 180 wires took up a space of one square 
decimetre without coming into contact. The wires were melted 
into the cement hy pressing them down with a hot iron, and so 
fixed to the plate. After the adjacent free ends of the wires were 
soldered to one another, thus producing a thermopile of 180 
elements, a second glass plate also covered with cement was laid 
with its cemented surface on the first. By carefully heating, the 
cement between the plates was then softened, and a portion 
of it pressed out with the few air-bubbles it enclosed. The 
thermopile was consequently now enclosed in a cement surface 
free from air exactly in the centre of a glass plate b^^ thick. 
The whole of the middle portion of the glass plate, covering the 
inner soldered junctions, was now covered on both sides with tin- 
foil about one square decimetre in size^ which was connected with 
Insulating conducting wires. Both of the free ends of the thermo- 
pile were connected with copper wires leading to a sensitive re- 
flecting galvanometer. The whole apparatus, inclusive of the outer 
soldered junctions, was carefully protected from any variation of 
temperature. A short series of charges and discharges by means 
of an induction coil with about one-inch spark was quite sufficieni^ 
to throw the spot quite off the scale of my galvanometer in the direc- 
tion corresponding to heating of the junctions lying between the 
coatings. After the cessation of the series of charges this deflection 
returned very slowly to zero. It disappeared altogether only after 
many hours. It is independent of the direction of the charging 
current and apparently proportional to the number of charges and 
to the sparking distance to which the condenser was charged. 
The deflection begins immediately after the first charge and then 
continues regularly. If, however, one of the coatings is touched 
with the finger, the scale remains motionless for two or three 
seconds before it begins its motion, which generally does not stop 
until it has passed outside the field of view. 

The heating observed cannot arise through conduction of the 
mass of the glass, nor through its' compression by the attraction 
of the coatings, nor lastly, through the penetration of electricity 
into the mass of glass lying next to the coatings. The first sug- 
gestion is directly negatived by the arrangement of the apparatus 

VOL, I. 
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and the experiments described. The heating throngh compression 
wonld be balanced by equally strong cooling produced by expansion , 
and could therefore produce no lasting heating even if the very 
slight attraction sufficed for it. The cause of the heating can 
be sought jijist as little in the penetration of the electricity into the 
mass of the glass lying next to the coatings, for the deflection 
could then not begin directly but only after an interval of a few 
seconds. If on the other hand we assume with Faraday that the 
chaise and discharge depend on the occurrence of molecular 
motion in the insulator separating the coatings, there remains 
nothing remarkable in the fact of the heating of the insulator. 



ON THE UNIT OP ELECTRICAL RESISTANCE.* 

Is 1860 I published in this Journal a method by means of 
which I succeeded in constructing exact standards of resistance, 
and proposed to assume as the unit of electrical resistance, the 
resistance of a column of mercury one metre in length and one square 
millimetre in section, or the millionth part of the resistance of 
a cube of mercury of one metre side at the temperature of 0* C, 
and also the specific resistance of mercury as the unit of specific 
resistance of bodies. The grounds upon which I supported my 
proposal were briefly the following : That it is not advisable to 
adopt as the unit of resistance a material unit arbitrarily chosen, 
or one more or less inseparable from some natural unit to be 
deposited somewhere like the normal metre, and to be reproduced 
from copies, for there is no sufficient guarantee that its resistance 
may not vary ; but even if one could be sure of the permanency of 
such a standard unit, the frequent copying and recopying of copies 
which would be unavoidable, coupled with alterations in its re- 
sistance which are very likely to occur, would cause faulty standards 
to be distributed, as was the case to so great an extent with the 
copies of Jacobi's normal standards. 

The assumed unit of resistance must therefore be definable, or 

* PoggendorfTs Annalen d. Phjs. n. Chemie, 1866, Vol CXXVII. p. 327. 
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an absolute nnit which can be reconstracted at any time and any 
where. Weber's dynamical nnit of resistance would be available 
as such for scientific purposes, if it could be reproduced with the 
necessary exactness, viz., that required in the comparison of 
different resistances. But as this will probably never be the case, 
Weber's unit cannot actually serve as a general unit of resistance, 
although it is of course of the greatest importance to define as 
exactly as possible the relation between the unit chosen and 
Weber's unit. In arranging a general unit of resistance, its prac- 
tical advantages and not the scientific harmony of the whole system 
of measurement must be considered as most important ; the deter- 
mination of resistances, combined with dynamical values, occurs 
but very seldom, and then only in strictly scientific instances, 
whilst in by fiur the larger number of cases, the resistance of bodies 
of different sizes, forms and materialfl are compared, and hence a 
measure of resistance founded upon a physical is to be preferred to 
one founded upon a dynamical basis. 

It is on these considerations that the unit of resistance previously 
proposed by me is to be recommended, in which the metre is used 
as the unit of length, and mercury as the conductor which cer- 
tainly best serves as the measure of conductivity, and which can 
l)e reproduced with sufficient accuracy with ordinary care, and 
when special care is taken with almost unlimited exactness. 

I have not yet found any disproof of these principles which 
really enters into the question ; on the other hand, Dr. Matthiessen 
proposed in 1861 to use as a reproducible unit of resistance, a 
certain alloy of gold and silver instead of mercury, and in the same 
year the British Association appointed a Committee to report to 
the Society on the most appropriate unit of resistance. 

No one will have much predilection for the proposal of Mr. Mat- 
thiessen, who is practically acquainted with the great technical 
difficulties attending the production of a homogeneous alloy of 
uniform quality throughout, the preparation from it of wires having 
the same gauge and hardness, and its division into lengths without 
stretching and bending the wire, and finally soldering the ends to 
the thick leading wires without affecting the resistance ; but as 
later on Mr. Matthiessen relinquished it in favour of a method 
proposed by the British Association of which he is a member, I 

need not make further reference to it. 

o 2 
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This Committee has presented three reports for 1862, 1863, and 
1864 to the Association, in which the theory of Weber's system 
of measurement is very clearly explained, so as to include the 
idea of the unit of work proposed by W. Thomson. The great 
impoitance to science of a general introduction of this systematic 
and coherent system of measurement is cpnyincingly explained, 

Thomson's method for the determination of the r unit 

second 

already mentioned is developed, and the arrangement and result 
of the experiments made, explained in detail. The names of W. 
Thomson and Clerk Maxwell are sufficient guarantee of the high 
scientific merit of this work. In fact, it has succeeded in 
determining resistance in Weber's absolute units far more exactly 
than W. Thomson and W. Weber previously did. But the Com- 
mittee has nevertheless come to the conclusion that Weber's 
measure of resistance itself is not a suitable unit of resistance. 
Already in the first report it was proposed to employ as the unit a 
material standard of resistance, which should be as near to 10^^ 

Weber's units or 10' = units as is possible with the means 

second 

at present at our disposal. This material unit is to remain unchanged 
and under the name of the British Association unit or Ohm is to 
become the future general unit of resistance. From time to time 
new determinations of this unit in Weber's absolute unit are to be 
made and reduction coefficients published for use in dynamical cal- 
culations. Professor Clerk Maxwell, Dr. Matthiessen and Fleeming 
Jenkin, who form the sub-committee entrusted with the prepara- 
tion of the normal standards and the copies to be prepared from 
them, consider they have met the objection that the resistance of 
the normal standard might change, by the construction of ten 
different normal standards from alloys of the precious metals and 
from mercury, and copies from an alloy of platinum and silver. 
According to Dr. Matthiessen's experiments the resistance of these 
alloys will not alter, whilst with other metals and metallic alloys 
material changes have been found by him to take place at the end 
of two years. 

I do not desire in any way to undervalue Dr. Matthiessen's 
experimental results, but I do not think that his statement that alloys 
of silver and gold or platinum are unalterable is to be considered 
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as so well f oanded and so absolutely reliable that a permanent normal 
standard of resistance conld be based upon it. It seems strange that 
Dr. Matthiessen should have observed such marked variations in the 
conductivity of Cr^man-silver in short intervals of time, whilst I 
have found this alloy to be remarkably constant. This proves that 
as regards conductivity several unknown factors enter which will 
only be discovered after lengthy research. The circumstance that 
a gold chain has never been observed to become brittle can hardly 
have been seriously brought forward by Dr. Matthiessen as an 
argument in favour of the permanency of alloys of gold and silver. 
But it may be readily conceded that changes in the resistance of 
the normal standard and copies of it will be so small as not prac- 
tically to affect our present experiments. The standard unit of the 
B. A. is intended however for future times as well, in which most 
likely infinitely higher claims to exactness will be required in a 
unit than we require. On this ground it is indeed very significant 
that the Conmiittee prepared ten normal standards instead of one, 
although as asserted they correspond at present within about 0*03 
per cent. But even if the B. A. unit agrees in value with the 

10' T iiJttit to within 0*1 per cent., as stated in the 

second 

report of 1864, the agreement is yet too small for the British Asso- 
ciation unit to be considered in future as equivalent to the 10' 

r^ unit, and if a coefficient of reduction has to be employed 

second 

it seems unimportant whether it differs more or less from unity. 
Besides,it is not yet proved that there actually is this important agree- 
ment between the British Association unit and the 10' 5B?-??^ 

second 

unit. A glance at the table of results given in the report of 1864, 
shows that between the two sets of figures combined in pairs 
differences exist which amount to over eight per cent., and even 
the mean values of these pairs differ by 1*4 per cent. I do not 
understand how the sub-committee considers itself justified in 
arriving at a probable error of only O'l per cent, with so great a 
difference between the separate measurements. Whatever method 
is employed to calculate the mean value of the given numbers 
much greater differences are arrived at if some very irregular 
measurements or some mean values are left out. In my opinion 
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safety only lies within the vahes not considered faulty and so 
retained. 

It cannot^ however, be inferred from the series of trials in 
question that so exact an agreement exists between the values of 

the B. A. unit and the true 10'  =- unit, as is assumed by tho 

second ^ 

sub-committee ; and when it is remembered that the figures in 

the table have been obtained by the same observers using the same 

apparatus, and the same constants and correction coefficients, the 

probability is that the difference is actually much greater than it 

appears. 

The determinations of the constants are declared to be exact 
within 0*0001 ; but it must be assumed that this was only attained 
as the result of careful manipulation and well-chosen methods of 
measurement. It is well-known that it is quite impossible to 
wind a silk-covered wire into an approximately round and solid 
coil without perceptibly stretching it. The amount of this 
stretching varies between 1 and 6 per cent., according to the 
thickness of the wire and the amount of tension employed in 
winding. It is therefore impossible to determine accurately 
within about \ per cent, the length of the coiled wire. The actual 
length, however, is given as 811*2856 metres. It is besides 
impossible to wind such a coil of covered wire circular and 
concentric ; and therefore to determine exactly the circumference, 
the mean radius, and the thickness of the coil. Yet these values 
are given to the thousandth of a millimetre, and are considered 
trustworthy to the ten-thousandth part of their value. Whether 
the magnetic moment of the suspended needle, and the contem- 
poraneous horizontal component of the earth^s magnetism can be 
determined with the same degree of accuracy must remain un- 
decided, but I do not think it possible. 

As already said, I have no intention of asserting that the 
measurements were not actually made with the accuracy that is 
stated ; but this can only have been the result of processes which 
are not of universal application. 

Until these experiments have been repeated in other places 
with new instruments by different observers, and these results 
being compared with those of the sub-committee it is proved that 
a closer agreement exists, I consider that I am right in maintaining 
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that the agreement between the B.A. unit and the 10' ; 

second 

unit is not closer than some few per cent. 

On these grounds I still maintain the objections I have 
recapitulated against the adoption of the material standard of 
the sub-committee as the basis of a general unit of resistance ; 
but, in doing so, I do not in the least ignore the great importance 
of the determination of the Weber unit of resistance, which has 
been made as exactly as possible by the British Association. I 
am, on the contrary, of opinion that science has materiaUy profited 
by this valuable work. 

I believe, however, that the committee would have done better 
after having decided that Weber's absolute unit was not actually 
suitable as a unit measure of resistance, not to have set up 

nifitrB 
another arbitrary unit, but to have had the millimetre ^®^^ 

unit, or shortly the metre-mercury unit, as defined by me, repro- 
duced with all possible exactness ; to have distributed copies of 
this unit, which is ahready widely applied as specially suitable for 
practical requirements, and to have had the coeificient necessary 
for its reduction into Weber's absolute dynamical unit determined 
as exactly as possible. TThe committee would thus have been in 
accord with EirchhofTs proposal, which it declared in the first 
report that it wished to follow, Eirchhoff having expressed 
himself in his letter published in the appendix to the first 
report as favourable to the maintenance of both units, and not 
to the exclusive use of Weber*s system^ as more recently stated, to 
which William Weber himself told the author he was opposed. 
My own early experiments, and especially the more recent and 
careful measurements of Robert Sabine, prove that an exact 
determination of the mercury unit by the British Association, 
with the rich means and considerable forces at the disposal of its 
committee, would have rendered it serviceable for all present 
requirements, that is, for the comparison of two different resist- 
ances. A more exact determination of the mercury unit would 
become necessary in the future as the exactness of physical 
measurements advanced ; but this would hardly give rise to any 
inconvenience, as the true value of the unit is undoubtedly fixed, 
the differences in their reproductions being so small as to be 
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entirely negligeable in ordinary meaaarements of resistance ; while 
for exact measurements, the standards employed would have to be 
tested on account of probable variation. 

Unfortunately the committee entrusted with the production of 
the B. A. unit and the reproduction of copies has not followed 
the way I suggested, whilst members of the committee, Messrs. 
Matthiessen and Fleeming Jenkin, have attacked my proposals 
both in the Reports of the British Association and in special 
memoirs published in more easily available journals, in a way 
which I think has not hitherto been customary in scientific 
criticism. The plan followed by them in common consists not in 
examining my proposal on its merits, but in representing my 
work as untrustworthy and uncertain. 

Dr. Matthiessen sets up the two propositions : — 

1. That no correct mercury unit has yet been issued. 

2. That the units issued from time to time do not represent the 
same value. 

He seeks to justify both propositions by asserting that I have 
not employed the correct specific gravity of mercury in my calcu- 
lations ; that two resistance scales exhibited in the London 
Exhibition of 1862 differed by 1*2 per cent. ; that in my first 
determination of the mercury unit differences of 1*6 occurred, and 
that his experiments do not agree with mine. 

Regarding the first assertion, Mr. Matthiessen overlooks the 
fact that the unit of resistance proposed by me depends on a 
definition, and is, therefore, absolute. I have never asserted that 
the standards of resistance which I prepared entirely correspond 
with this exact unit ; on the contrary, I have irequently expressed 
the wish that physicists already experienced in exact measurements 
would manufacture standards according to the very easy and safe 
method specified by me, which should agree with my definition as 
exactly as our present means will permit of. Mr. Matthiessen 
would only have been justified in his assertion had my definition 
not been distinct or the proposed method uncertain or faulty ; but 
he has neither made nor proved any of these objections. But 
whilst stating that his propositions are erroneous, I am ready to 
admit, on the other hand, that the specific gravity of mercury 
which I used in my calculation is not correct. When in 1858 I 
made the first experiments to ascertain whether the mercury unit 



WERNER VON SIEMENS. 



20I 



coald be reprodaoed with Bufficient accuracy, I got hold of the 
number 13*557 and used it as correct, as it had been proved by 
direct comparison of the heighta of columns of water and mercury 
in tubes in communication. Unfortunately in the unit more 
recently reproduced and made with greater care and improved 
instruments this coefficient was retained, and not the number 
given by Eegnault, 13'596,the correctness of which has since been 
frequently proved. Hence the standard formerly issued is 0*287 
per cent, too great/ and if we take the coefficient of increase of 
the specific resistance =■ 0*00272 1 of the German-silver wire used 
for the resistance standard, these will not represent the mercury 
unit at the temperature stated, but at a temperature 10*5° C. lower. 
Mr. Matthiessen has rendered an undoubted service in having 
ahown the necessity of this correction, which however, as before 
mentioned, has nothing to do with a determination of the merits 
of the mercury unit. 

Mr. Matthiessen states further that the mercury units made 
from time to time do not represent equal resistances. Mr. 
Matthiessen is aware that the mercury units have been determined 
in my laboratory at three distinct periods of time, and on each 
occasion with a nearer approach to the exact value. Mr. Sabine 
has given the variations of these three determinations in the 
following table : — 



No. of 
Tubes. 


Original 

Determination. 

1859. 


Fint 

Reproduction. 

1860. 


Second 
Reproduction. 

isas. 


3 
5 

7 
8 


565 -S/ 
193-56 

 • « 
•  ft 


555*99 

193*73 

1917*32 

2600*57 


656*05 

193*73 

1917*64 

2601*46 



The greatest difference between the first and third determinr.- 



• According to the formula employed — 



W = 



Q 



1 
a + va + — . - 

_ 



in which W represents the resistance of the normal tube, I its length, Q the 
weight, (T the specific nrayity of mercury, and a the ratio of the greatest to the 
least section of the tube, 
t Pogg. Ann., VoL CXIII. p. 4. 
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tions reaches only to 0*1 per cent., and not nearly to *2 per cent, 
as stated. From the first determination only a few standards and 
resistance boxes were prepared for onr own nse. The resistance 
boxes prepared and employed for technical purposes were mann- 
factnred according to the second determination. From the mean 
valae of the third determination I have had abont a hundred 
standards made each of one unit, which I have presented, to 
eminent physicists, technologists, and scientific institutes, in the 
hope of bringing about the general adoption of a rational measure 
of resistance. 

These standards were exactly alike when sent out, and unless 
they have since altered agree to within 0'05 per cent, with the 
true mercury unit, when, as ah*eady stated, they are measured at 
a temperature 10*5" C. lower than specified. Standards of resist- 
ance other than those marked by Messrs. Matthiessen and Jenkin 
with ** Siemens, 1864," were not distributed by me. 

Mr. Matthiessen supports his assertion that the units prepared 
by me do not represent the same resistance from measurements 
made by Mr. Jenkin (who acted as a juror of the London 
Exhibition of 1862) with two sets of resistance coils arranged like 
a set of weights and ranging from 1 to 10,000 units. I do not 
know whether Mr. Jenkin measured correctly, as he found a 
difference between the coils of 1*2 per cent. ; but it is quite incom- 
prehensible to me how Dr. Matthiessen could think of comparing 
sets of resistances for technical purposes with standard measures, or 
how he could found so grave a charge as he has made exclusively 
on the uncorroborated evidence of an exhibition juror. He ought 
to know that the places of contact of solid metals always produce 
an alteration in resistance, and that therefore the twenty contact 
plugs through which the current must pass wholly or in part must 
have a considerable infiuence on the exactness of the measured 
resistance. He should besides be able to appreciate the great 
difiiculties connected with the correct summing up of 10,000 
units. The scale described by Mr. Matthiessen as ''Siemens, 
London,'' was one of the first prepared for our own technical 
purposes in 1859, according to an imperfect summing method 
and arranged like a set of weights. It formed one of the branches 
of a so-called measuring bridge, with which the resistances were 
measured during and after the laying of the Indian Cable through 
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the Eed Sea, and was admitted into the Exhibition on account of 
its historical interest, as with its help exact measores of resistance 
of submarine cables were for the first time substituted for the 
valueless statements about currents previously given. These older 
bridges have been subsequently re-adjusted, so as to agree with 
those made in accordance with an improved method, and marked 
^'Siemens, Berlin/* by Messrs. Matthiessen and Jenkin. Mr. 
Matthiessen also asserts that the more lately prepared sets of 
resistances were about 0*5 per cent, greater than the resistance 
standards prepared by me in 1864. He comes to this conclu- 
sion from the resistance of a copper wire, which Mr. Jenkin 
compared during the Exhibition of 1862 with the sets of coils. 
The temperature is not given at which the copper wire was 
measured at these four-year intervals ; if the temperature varied 
by only lY C., the whole difference is explained. 

In any case Messrs. Matthiessen and Jenkin were not entitled 
to utilize a single determination made by themselves of so doubtful 
and uncertain a character, to enter in all the tables of the report 
of the committee as well as in their own papers the two other 
columns marked respectively ^* Siemens, Berlin '' and '* Siemens^ 
London," next to the column marked '' Siemens, 1863," and in this 
way improperly to make it appear that standards of the mercury 
unit of such different resistances had been sent out by me. 

Analogous to this is the reiterated statement that differences of 
1*6 per cent, occur between my determinations of the mercury 
unit, and that this must therefore be the possible limit of exactness. 
Certainly in my .first published memoir on this subject in 1860 
there was such a difference, and I explained at the time the reason 
of it, viz., variations in temperature of the copper wire used for 
comparison of 8* C, and of the normal tubes filled with mercury 
of 2* 0. Besides, as the object of the experiments described was 
not to produce standard units but to prove that the proposed 
method was suitable for their manufacture, tubes which were only 
slightly cylindrical were designedly chosen. For practical pur- 
poses an exactness of ^ per cent, was then sufficient ; Mr. 
Matthiessen was himself contented at that time with determina- 
tions of the specific conductivity of metals which differed many 
per cent, from one another. 

The standard resistances which I have distributed are all 
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adjusted from the value of the third reproduction which was made 
by Mr. Sabine. A glance at his memoir* will show that this 
determination was made with the greatest care, and that the 
agreement between the prepared standards and the true mercury 
unit, which I state to be within 0*05 per cent., does not depend 
on doubtful mean values, but that all the standard tubes give 
similar results within this limit. Mr. Matthiessen now opposes to 
these measurements some of his own which have given a value 
0'8 per cent, higher. He has nowhere given any reason for this 
difference, or for my method or Sabine's measurements being un- 
certain. But then he should at least have done his work with 
equal care, and the method we employed, if he did not wish to 
follow it exactly, ought not to have been spoilt in essential points. 
Mr. Matthiessen proposes a formula for correcting the conical 
form of the tubes which is not so correct as mine, as he assumes 
the tube to be composed of cylindrical instead of conical pieces, 
thus making the calculated mean section too small, and the calcu- 
lated resistance of the tube consequently too great. Besides this 
he fills the tube by dipping it into a vessel of mercury, and lifts 
it out with the ends closed between his fingers, so that the 
ends of the tube are filled with the soft skin of the hand 
instead of with mercury, and the contents of the tube 
are too small, and the calculated resistances consequently 
too great An error in the same direction would also occur if 
Mr. Matthiessen has omitted to take the precaution of changing 
the resistances to be compared and of only considering those 
measurements as reliable which are together equal to 1000, for 
otherwise erroneous measurements very easily take place through 
the heating of the thin platinum wire of the bridge. 

If these errors committed by Mr. Matthiessen in his reproduc- 
tion of the unit do not fully explain the important difference of 
0*8 per cent, they bear sufficient testimony to the small amoimt of 
care he took in making the determination, and his results there- 
fore cannot be brought forward in proof of the incorrectness of 
mine, or of the more comprehensive and exact determinations 
since made by Mr. Sabine. 

Mr. Jenkin does not bring forward any new points of view in 

 Printed in Pogg. Ann., Vol CXXVII. 
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liifi paper '^ On the new unit of electrical resistance adopted by 
the British Association," bnt extends the application of Mr» 
Matthiessen^s conclusions and experiments. His oommnnication 
that four of the standards made by me in 1864 were compared 
by four difiPerent observers with four copies of the British Associa- 
tion unit, with the resulting values 1*0456, 1*0455, 1*0456, and 
1*0457 is interesting. The mean value of these observations 
multiplied by the correction coefficient for the correct specific 

13*506 
gravity of mercury, ».e., —^ — x 1*0456 or 1*0486 is therefore 

the value of the British Association unit in mercury units, or 1 
mercury unit =» 0*9586 British Association unit. 

In the uncertainty still proved to exist of the proportion 

between the British Association and the 10' -. unit, we can 

second 

convert a resistance given in mercury units with the greatest 

accuracy now attainable into 10*° Weber's units or 10' J??J^ 

second 

units by deducting 5 per cent. 

I must make some remarks on the historical sketch of the order 
in which proposals of units of resistance were made, and on the 
progress made in the work of measuring resistance, with which 
Mr. Jenkin commences his paper, to correct some errors and 
omissions concerning myself. 

Complete sets of resistances from 1 to 100 units have been 
manufactured ever since 1848 in the Berlin establishment of 
Messrs. Siemens and Halske, and have been frequently described 
and distributed abroad ; each unit was equal to the resistance of a 
geographical mile of copper wire 1 line in diameter at the tempera- 
ture of 20** C. Mr. Jenkin says that : " Until 1850 measures of 
resistance were confined with a few exceptions to the laboratory ; 
but as about this time underground and shortly afterwards sub- 
marine telegraph cables were introduced, the practical engineer 
soon learnt of what importance to him was a knowledge of 
electrical laws in their examination and aiTangement.'' 

Mr, Jenkin must surely know that underground lines of con- 
siderable length were laid down in Germany in 1847 and 1848. 
In the construction of these lines, and in the determination, by 
the methods described by me, of the faults which unfortunately 
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only too frequently occorredy the practical engineer had therefore 
at that time many opportunities of making exact measures of 
resistancey and of appreciating the utility of a knowledge of 
natural laws. Complete sets of resistances from 1 to 10,000 units 
arranged like a set of weights were employed by my brother, 
0. W. Siemens, and myself in the cable tests on which we were 
engaged in England in 1859. It will be in the recollection of 
Mr. Jenkin that he himself made the tests of the India cable 
at Birkenhead under my direction with such sets. He should 
not have forgotten in his historical sketch to have stated that 
already in our report of the Bed Sea cable in 1859 the states of 
the conductor and of the insulator were given in mercury units, 
and that the method we then employed to measure the resistance 
which the insulator offered to the electric current, and to compare 
it with the resistance calculated fix)m the specific resistance of the 
insulating material, forms the basis of that rational system of 
cable testing we introduced, which, with slight variations as 
regards methods and instruments, is still in general use. 

Mr. Jenkin should further not have altogether passed over in 
silence the paper* my brother read at the 18th meeting of the 
British Association, in which our system of testing cables, before, 
during and after laying, and the determination of faults by 
measuring the resistance, is exhaustively treated. I am not aware 
of any other methods for the determination of faults besides those 
proposed by me. 

Mr. Jenkin (without referring to any publication) gives Mari4- 
Davy the honour of having proposed mercury '' as a material 
suitable for a standard measure,'* and only gives me the merit 
^^ that my coils and apparatus prepared with the greatest care had 
materially improved the exactness of observations." But he 
omits to state that those who had previously drawn attention to 
mercury as a suitable material had given no method by which 
exact standards could be produced from it. 

Mr. Jenkin must himself admit that his historical sketch is 
remarkably incomplete. 

• Outline of the principles and practice involved in dealing with the elec- 
trical condition of submarine electric telegraphs, by Werner and C. W. 
^Siemens. Report of the British Association, Oxford, 1860. 
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ON THE LAW OF THE MOTION OF GASES IN TUBES ; 

ON THE PNEUMATIC DESPATCH OF MESSAGES 

IN BERLIN.* 

The question whether the transmissioii of letters, despatches, &c., 
through tabes by means of pneumatic pressure can be usefully 
applied on a large scale, and what is the most advantageous con- 
istruction of the tubes, of the stations, arrangements of the carrier 
for the packages to be forwarded, and finally of the pneumatic 
apparatus, depends essentially on the law of motion of air in tubes. 
Without knowing this exactly, without having determined the 
extent of the influence of the different factors limiting the velocity 
of the motion of the air in all portions of the conducting tube, 
there is no definite basis of construction, and one does but grope 
in the dark. There are certainly a number of formulas for the 
motion of gases in tubes ; but they are all based on experience 
gained with very low pressures, and relatively very wide tubes, and 
appear inapplicable to narrow tubes and great differences of 
pressure such as are necessary when considerable velocities are 
aimed at. It was therefore necessary in the first place to deter- 
mine the law of motion of gases in tubes by means of experiment. 

The experiments, of course, could not be carried out in the 
«hort time available with perfect scientific^ strictness. One was 
limited to tubes of small diameter and short length, and the 
differences of pressure could not exceed the maximum of one- 
third of an atmosphere. As, however, a practical aim had to be 
considered, the approximate formulae thus attainable were sufficient. 
The following was the method employed : 

Drawn lead tubes of various diameters and various lengths 
were employed. By means of a pump with a flywheel and 
crank, which could either be used as an exhaust or compression 
pump, or simultaneously as both, the air was rarefied or compressed 
in a reservoir large in proportion to the volume of the pump 
cylinder. The reser^'^oir communicated with the atmosphere 
through the tube in which the velocity of the air was to be 

 Journal of Genno- Austrian Telegraph Society, 1866, VoL XIII. 
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measured. The pressure in the reservoir was measiired by means 
of a mercury manometer. It was then easy to turn the crank of 
the pump at such a speed that the pressure in the reservoir could 
be maintained constant^ so that in the same time the same quantity 
of air could always be pumped into the reservoir as was discharged 
by the tube, or vice versd. The tube ended in a careftilly con- 
structed gas-meter, which measured the exact quantity of air that 
passed through the tube in a given time. The measured quantity 
of air, divided by the area of the tube, gave the velocity with 
which air of atmospheric density passed from the tube into the 
gja-meter when there was a higher pressure in the reservoir, or, 
on the contrary, the velocity with which it entered the tube when 
the pump acted as an exhaust pump. As the same quantity of air 
must always pass in and out in the same time, when the flow has 
become uniform its velocity at the other end of the tube can be 
easUy calculated from the measured quantity of air by means of 
Mariotte's law. If, for instance, the air in the reservoir was rare- 
fied to half an atmosphere, and if the velocity of air at atmospheric 
pressure was 50 feet on its entrance into the tube, the same quan- 
tity of air in flowing out into the reservoir must become of double 
volume, and the velocity there must consequently be 300 feet. 
In the same way the velocity in other portions of the tube could 
be determined by introducing a manometer and measuring the 
pressure at which the air passed the different portions. By repeat- 
ing these experiments with tubes of the same diameter and different 
lengths, as well as with tubes of the same length and different 
diameters, the influence of length and diameter on the velocity of 
the air could be ascertained, and it could thus be finally determined 
as a function of the initial and final pressure, of the dimensions of 
the tubes, and of a constant depending on the nature of the inner 
surfaces of the tubes. 

In the Appendix are given some of the numerous experiments 
made. These led to the following formute for the final velocity 
'«;, of the air in the tube, from which the initial velocity v„, and 
in general the velocity v at any distance x from the beginning of 
the tube is measured ; whence finally results the mean velocity 

^ = ?iJr_^". Let I represent the length of the tube, d its inside 
diameter, h the pressure of the air on its entrance, h! its pressure 
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on exity h^K the working pressure, and, lastly, a the above 
mentioned constant : 

The final velocity ., - « . *^*- ^|: . . (i) 

The initial velocity r^ = a . A, ^A ^L . . (2) 
The velocity at the distance x from the beginning of the tube — 



I h^ 



- y/^ . . (8) 

The mean velocity «/ = a x ^^ "" ^' \/ ^ • • W 

The series of experiments proved these formute to bo only 
approximate. The mean velocity of the air increases in reality 
more quickly than the square root of the diameter of the tube. 
This variation arises probably from the film of air attached by 
molecular attraction to the side of the tube, diminishing the section, 
which cannot be left out of consideration with narrow tubes. As 
the correction of this defect arising therefrom gives a greater 
velocity of air in wider tubes, and therefore produces better results 
in practice than calculation gives, it may be passed over. 

The constant a occurring in the formula, and depending on the 
nature of the inner surface of the tube, is 15*950 accordiug to the 
results of the experiments. If by means of this number the mean 
velocity of the air in a tube 13,000 ft. long and 3 in. in diameter 
is calculated for a difference of pressure of one atmosphere, we 
obtain — 

With 1 atmosphere of pressure, therefore A = 2 ^, = 1, a mean 
velocity of 26''2 per second ; 

With 1 atmosphere of vacuum, therefore A = l A, = 0, a mean 
velocity of 85''0 per second ; 

With \ atmosphere of pressure and \ atmosphere of vacuum, 
therefore A = IJ and A, = J, a mean velocity of 81''1 per second. 

It follows from what precedes that with long tubes of moderate 
size, and with practically applicable differences of pressure, it is 
possible to attain a sufficient velocity for the air in the tubes. If 

VOL. I. p 
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the carrier is so constructed that it passes through the tube with a 
minimum of friction, the speed of the transmission of despatches 
almost coincides with that of the motion of the air. 

The slight moment of inertia of the carrier, as well as the inertia 
of the air itself, may be left out of consideration, for both forces 
entirely vanish as compared with the friction of the air overcome 
in the tubes. The conditions would be quite different, however, 
if the carrier required a considerable force to move it forward in 
the tube. In this case so much more pressure would have to be 
exerted behind the carrier than before it, that the difference of 
pressure may compensate the f rictional resistance of the air on the 
surface of the tube. This would, under otherwise similar con- 
ditions, bring about a decided diminution of speed. This dis- 
advantage would occur specially with relatively narrow tubes. It 
is therefore necessary to employ carriers as far as possible without 
f rictional resistance, and consequently to make them run on wheels 
of as large diameter as possible. The dimensions of the despatch 
tube are determined by this requirement. As the velocity increases 
only as the square root of the diameter of the tube (under similar 
conditions) and diminishes as the square root of the length, it is 
possible, without altering the ratio of pressure at the ends of the 
tube, to extend the transmission by pneumatic agency to such a 
degree, as the diameter of the tube can be increased in proportion 
to its length. With equal difference of pressure the carrier can be 
sent through a double length of tube of double diameter with 
equal velocity. 

For the purpose in question, the forwarding of enclosed telegraph 
messages, a diameter of tube of 8 in. would suffice, as the 
envelopes are not usually more than 2 to 2\ in. wide. 

For sending messages to and fro a single tube may serve, as an 
<>ngine set up at the central station would produce a vacuum in one 
reservoir and store another with compressed air ; and then one end 
of the tube could be put in connection with one or other reservoir, 
according as the carrier had to be received or despatched. Such 
an arrangement would, however, even setting aside the large 
dimensions to be given to the reservoirs, have only a low efficiency, 
and would not be at all fit for development. The necessity will 
soon arise for employing the same tube for pneumatic communica- 
tion between several stations, and therefore for lengthening the 
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tube originally laid, and for converting the existing terminal 
Btation into a through station for the messages going further 
on. It is therefore desirable to make the arrangements such 
that they will also be available for the purpose of extension. 
It will therefore be advantageous to lay at once two tubes, one 
of which shall be employed for the despatch and the other for 
the receipt of messages. Should other stations be arranged later 
^ rapid succession of despatches will become necessary to meet the 
expected important increase in the forwarding of messages. To 
make this possible, such an arrangement must be made that the 
tube from and to the central station shall be a circular conductor. 
Through this circuit system a permanent stream of air must be 
driven by the pump at the central station, which seizes on the 
carrier placed anywhere in the tube, and eventually drives it 
through the other stations back to the central station, unless 
previously received by some other station, as advised by telegraph 
signal. How this is performed will be explained later. 

But if on these grounds it is desirable to employ a circular 
system, through which a continuous current of air should pass, 
there are other important considerations also in its favour. As is 
«hown in formula 4, the mean velocity of the air depends on the 
h^ - h? 

«ud therefore also their diflTerence, are proportionately diminished. 
The work performed by the pump is, however, directly propor- 
tional to the density of the air to be compressed, and therefore 
diminishes proportionately as h. If, consequently, the circuit 
system is hermetically closed, and the apparatus so arranged that 
the mean density within the tube can be diminished at will, the 
work is diminished to the same extent. 

APPENDIX. 

The experiments made by us to test the accuracy of the preceding 
formulae are collected in the following tables. 

The apparatus was so arranged in the above observations that 
air flowed from one reservoir directly connected with the air 
pump, the pressure of which was measured by a mercury mano- 
meter through tubes, and Anally through the gas-meter into the 

p 2 



factor— 3 s and therefore remains unchanged when h and h^. 
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TABLE I. 

DBI'XNDENCE OF VXLOCITT ON PRESSURE. — ON ONE SIDE XZCE8R FBE8St7BB, 

ON THE OTHER ATMOSPHERIC PRESSURE. 



in 
Gentimetres. 

1 


• 

2 


Q. in 
Cubic Feet. 

8 


Velocity. 


Observed. 
4 


Calculated. 
5 


16 
18 
20 
22 
24 
26 
28 


0-174 
0-192 
0-208 
0-225 
0-240 
0-255 
0-270 


0-47 
0-51 
0-55 
0-59 
0-64 
0-67 
0-71 


22-6 
24-6 
26-6 
28-6 
80-5 
32-2 
84-0 


22-0 
24-3 
26-2 
28-4 
80-2 
32-1 
84*0 



atmosphere. The barometer was observed from time to time ; 
this remained constant at TGO"""". The lead tube nsed for the 
experiments had a length of 348 Prassian feet, and a diameter of 
\ Prussian inch. Column 1 gives the differences of pressure at 
the two ends of the tube ; col. 2 the ratio of this difference to- 
the greater pressure ; col. 3 the quantity of air flowing through 
in a minute ; col. 4 and col. 5 the corresponding observed and 
calculated velocities in feet per second. 

The last are calculated on the assumption that the velocitiea 
are in direct proportion to the differences of pressure, and in 
inverse proportion to the greater pressure. This assumption, even 
if not quite correct, is admissible without notable error within our 
requirements. This simple ratio is applicable because the theoretical 



TABLE II. 

DEPENDENCE OF "X'ELOOITY ON PRESSURE.— -PRESSURE ON ONE SIDE, 

VACUUM ON THE OTHER. 



No. 
1 


PreMure 

in 

Centimetres. 

2 


Quantity of Air passing through. 


In the Middle. 
3 


At the End. 
4 


Calculated. 
5 


I. 

11. 

III. 

IV. 


±7 
+10 
±12 
±16 


0-186 
0-240 
0-267 
0-313 


0-206 
0-277 
0-317 
0-396 


0-201 
0-270 
0-311 
0-396. 

1 — 
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valaes have to be mnltiplied by a variable experimental coefiScient 
(diminishing with increase of pressore) to obtain the observed 
values. 

As regards these experiments it may be observed : — ^The gas- 
meter was in the middle of the lead tube, and the pressure 
was measured in the middle and in the exhausted space. By 
continued pumping we were able to maintain the atmospheric 
pressure constant in the middle of the tube. For this case the 
measurements were then made, and as the law, that the pressure 
in a tube diminishes proportionally with the length was taken as 
correct, we calculated with the observed atmospheric pressure in 
the middle of the tube an excess pressure in the space under 
pressure equal to the measured vacuum in the exhausted space. 
Column 3 gives the quantities measured at the middle of the tube 
under atmospheric pressure ; column 4 the outflow into the 
vacuum reservoir calculated according to Mariotte's law ; column 5 
contains the calculated quantities of outflow in which each number 
is calculated from the next following. 

TABLE III. 

DEPENDENOB OF VELOCITY ON" LENGTH OF TUBE. 



I. 


II. 


III. 


IV. 


V. 


VI. 


VII. 


No. 


in 
Inches. 


Diameter 

in 
Inchea. 


Tiength 
in Feet 


Q. in 
Cubic 
Feet 


Velocity. 


Observed. 


CalcnlAted. 


1 


6 


0-25 


112 


0-7 


84-8 


34-8 


2 


• • • 


• • • 


84 


0-8 


89-2 


89-6 


8 


• •  


• • • 


56 


1-0 


49-0 


48-7 


4 


 •• 


• •• 


28 

• 


1-4 


68-6 


68-6 



TABLE IV. 

DEPENDENCE OF VELOCITY ON DIAMETER OF TUBE. 



No. 


*~*^ 


LengtlL 


Diameter. 


Q. 


Velocity. 


Observed. 


Gftlculsted. 


1 
2 
8 
4 
5 
6 


12 

• •• 

• • * 

10 

• • • 

• • • 


100' 


6-75 
6-20 
8-25 
6-75 
6-20 
8-25 


0-860 
0-450 
0-185 
0-810 
0-401 
0-161 


42-1 
86-4 
27 
89*6 
82-2 
28-4 


42-1 
86-9 
26-0 
89-6 
84-6 
24-4 
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Remabks on Tables III. and IV. — ^The length and diameter 
of the tubes were measured directly. In Table III., column 2 
gives the diflPerence h-h,vi inches of mercury, whilst in Table I V^ 
A - A, is given in centimetres of mercury. The numbers contained 
in column 7 of Table III. areall calculated from the first velocity 
34 '4, on the assumption that the velocities vary inversely as thftr 
square roots of the lengths. The numbers contained in column 7 
of Table IV. are calculated, Nos. 2 and 8 from No. 1, and Nos. 5- 
and 6 from No. 4, and give the law that the velocity is in direct 
proportion to the square root of the diameter of the tube. 

Results. — ^We hence obtain the value — 

h - h 
i\ = a - - 



-i vf  •  » 



for the velocity of outflow of the air from a cylindrical tube, im 
which I is the length of the tube, d its diameter, h the greater 
and h, the less pressure, and a is a constant. If the value of tbe- 
constant is calculated from this formula with the help of the data 
given in the previous table, we obtain — 

a = 15950 (2> 

By the use of Mariotte's law we can arrive at the velocity of 
inflow from that of outflow. The mean of these two then gives 
the mean velocity of the air in the tube, which is what we want.. 
This mean velocity is found to be — 



V = a ~ ' 

2 h^ 



Vt • • • (^) 



According to formula 2, the mean velocities of the air in tubes- 
of 13,000 feet length (twice the distance between the central and 
proposed end station of the projected line) of different diameters, 
and assuming — 

a. An atmosphere of pressure. 

b. An atmosphere of vacuum. 

c. Half an atmosphere of pressure and half an atmosphere of 
vacuum, are the following : — 
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1 
Diameter 




Mean Velocity 


 


in 
Inches. 


1 Atm. 
Excesfi pressnra. 

23-9 
26-2 
28-3 
30-8 


1 Atm. 
Vacuum. 

320 
35-0 
37-8 
40-4 


1 Atm. Pressure. 
) Atm. Vacuum. 


2i 

S 

34 

* 


28-4 
31-1 
33-6 
35-9 











METHOD FOE CONTINUOUS OBSERVATIONS OF THE 
TEMPERATURE OF THE SEA WHEN SOUNDING.* 

Mr. Ehrenberg brought forward the following communica- 
tion which he had obtained upon request from Dr. Werner Siemens 
regarding a method suggested by himself and his brother William 
in London for observing the temperature of the sea continuously 
when taking soundings. 

The method depends on the fact that the resistance of metals 
depends on their temperature. By measuring the resistance of an 
insulated coil of wire immersed in sea water, the temperature of 
the latter can be deduced if the resistance of the coil is known at 
a definite temperature. The resistance of copper varies 0*894 per 
cent, per degree Centigrade. 

This method, however, suffers from the defect that the ends of 
the resistance coils must be connected with the ship by means of 
wires of very little resistance, which therefore must be thick, so 
that the variation in the resistance of the leading wires caused by 
change of temperature may cause no sensible error. Exact deter- 
minations of resistance also require very good apparatus and 
experimental dexterity. We have, therefore, more recently so far 
changed the method that no measurements of resistance are 
necessary, and the temperature of the sea can be read on board 
ship by the usual mercury thermometer. This is effected by 



^ Monthly Report of the Berlin Academy of Sciences. PoggendorfiTs Ann. 
d. Phy. u. Chem., 1866, VoL CXXIX. p. 647. 
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combining the resistance coil placed at the end of the doable- 
cored cable, which serves as a sonnding line with three other 
exactly Eimilar resistance 
Fig. S7. coiU placed on board the 

ship, and with a galrano- 
meter having an astatic 
needle to form a so-called 
'Wbeatetone bridge as 
shown in the accompany- 
ing figure. One of the 
resiBtance coils on board 
ship is placed in a water 
or oil bath, which can 
be cooled or heated as 
desired. If the tempera- 
ture of this h&lh, and 
consequently that of the 
coil immersed in it, is 
different fcom that of 
the water surronnding the 
resistance coil sunk in the 
sea, a cnirent would pass 
through the galvanome- 
ter, and the needle he de- 
flected. If there is no de- 
flection, the temperature 
of the sea and bath are 
exactly alike, and hence 
the thermometer placed 
in the latter will give the 
temperature of the sea. 
As one leading wire is in 
the branch of the sunkeo 
coil, and the other in that 
of the coil in the bath, 
both are equally warmed or cooled by the surrounding sea water, 
and their disturbing influence is entirely eliminated. Very thin 
leading wires can hence be employed, which is of great practical 
importance. 
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The sinker to be released on tonching bottom, and the arrange- 
ment for haaling up samples of the bottom, remain unchanged. 
The substitution for the hemp line formerly used of a thin double- 
cored cable served with hemp certainly makes the apparatus 
considerably dearer, and necessitates the arrangement of a special 
apparatus for um'olling and coiling in the cables ; but, on the 
other hand, the great strength of such a cable prevents the 
frequent loss of the line employed. 



ON THE CONVERSION OP MECHANICAL ENERGY 

INTO ELECTRIC CURRENT WITHOUT 

PERMANENT MAGNETS.* 

When two parallel wires which form part of the closed circuit 
of a galvanic battery are brought near to or removed from one 
another, an increase or diminution of the current of the battery is 
observed, according as the motion is in the direction of the force 
which the currents exert on one another or in the opposite 
direction* The same phenomenon occurs with increased intensity 
when the poles of two electromagnets, the convolutions of which 
form part of the same closed circuit, are bronght near to or 
removed from one another. If the direction of the current is 
reversed in one wire at the moment of the closest approach and 
furthest removal, as is done by mechanical means with electro- 
dynamic rotatory apparatus and electromagnetic machines, a 
continual diminution of the strength of the current occurs so soon 
as the apparatus is set in motion. This weakening of the battery 
current by means of the counter current which is generated by 
the motion in the direction of the moving forces is so considerable, 
that it explains why electromagnetic motors could not be driven 
finccessf ully by means of galvanic batteries. If such a machine bo 
turned in the opposite direction by means of an external force, the 
battery current will be increased by the induced current now 
flowing in the same direction. As this increase of the current 

* Monthly Beport of the Berlin Academy of Sciences for 17 Jannarj, 1867> 
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also causes an increase of the magnetism of the electromagnet, and 
consequently also a strengthening of the following induced current, 
the current of the battery increases rapidly to such a point that 
the battery itself may be disconnected without any observable 
diminution of the current. If the rotation is stopped, the current 
naturally disappears and the stationary electromagnet loses its 
magnetism. But the small quantity of magnetism which always 
i*emains in the softest iron suffices on renewing the rotation to 
generate again a progressive increase of the current in the circuit. 
Thus a weak current from a battery requires only to be passed 
once for all through the coils of the fixed electromagnet to render 
the apparatus always serviceable. The direction of the current 
which the apparatus produces is dependent on the polarity of the 
remanent magnetism. It is altered by means of a momentary 
current in the opposite direction passed through the coils of the 
fixed magnet ; this suffices to give an opposite direction also to 
all the subsequent powerful currents generated by rotation. 

The action described must occur indeed with every electro- 
magnetic machine which is based on the attraction and repulsion 
of electromagnets, the coils of which are included in its own 
circuit ; but still special considerations are required to construct 
such electrodynamic machines of great power. The fixed magnet 
encircled by the commutated currents must have sufficient m^netic 
inertia also to retain unimpaired the highest amount of magnetism 
induced in it during the change of current, and the opposite poles 
of both magnets must be so arranged that the fixed magnet has 
always a closed magnetic iron circuit whilst the moving one is 
revolving. These conditions are best fulfilled by the form of 
magneto-machine proposed by me a long time ago, and sinc& 
much used by myself and others. The rotating magnet in this 
consists of an iron cylinder revolving on its axis, provided with 
two slots opposite to one another and parallel to the axis, which 
receive the insulated coil of wire. The poles of a great number 
of steel magnets, or in the case in question the poles of the fixed 
electromagnet, surround the periphery of this iron cylinder through- 
out its whole length with the least possible clearance. 

With the help of a machine arranged in this way, and driven at 
a sufficiently high speed, when the relations of the separate portions 
are properly determined, and the commutator is properly ad- 
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justed, currents of such strength may be generated in closed 
circuits of small external resistance, that the wires surrounding the 
electromagnets are heated by them in a short time to such a tem- 
perature that the covering of the wire becomes charred. When 
the machine is regularly used this risk may be avoided by the in- 
sertion of resistances, or by moderating the velocity of rotation. 
Whilst the output of magnetoelectric machines does not increase 
in the same proportion as their dimensions, the converse takes place 
in those described. The cause of this is that the force of the steel 
magnets increases in a much less ratio than the mass of the steel 
employed in their construction, and that the magnetic power of a 
large number of small steel magnets cannot be concentrated in a 
small polar surface without weakening the action of such magnets 
considerably or quite demagnetizing some of them. Magneto- 
machines with steel magnets are therefore not adapted for use 
where it is required to produce very strong continuous currents. 
The construction of such powerful magnetoelectric machines has 
indeed often been tried, and such powerful cuiTents have been pro- 
duced with them, that they gave an intense electric light, but these 
machines were obliged to be made of enormous dimensions and 
were therefore very costly, moreover the steel magnets soon lost the 
greatest part of their magnetism, and the machines their original 
force. 

Lately, Wilde of Birmingham has considerably increased the 
efficiency of magnetoelectric machines by combining in one 
machine two magneto-machines of my above described construc- 
tion. He provides the larger of these machines with an electro- 
magnet in the place of a steel magnet, and uses the other to efTcct 
the continuous magnetization of this electromagnet. As the elec- 
tromagnet is stronger than the steel magnet it replaces, the]current 
produced must be increased by this combination in at least the 
same proportion. 

It can easily be perceived, that by means of this combination 
Wilde has considerably diminished the above mentioned defects of 
the steel magnet machine. Setting aside the inconvenience of 
employing two inductors at the same ^ime to produce one current, 
his apparatus is dependent on the uncertain performance of the 
steel magnet. 

By means of the method employed, electric currents can be pro- 
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dnced in a cheap and simple manner^ wherever mechanical agencj 
is available. This circmnstance will be of considerable importance 
in many departments of the Arts. 



DEAD-BEAT NON-ASTATIO MAGNETS. 

{From a paper by Professor du Bois EEYMOND on dead-beat 

motion of damped magnets,* 

In speaking of the experimental conditions nnder which the 
motion of damped magnets becomes dead-beat f I said in the first 
of the memoirs referred to below : "Another way under otherwise 
similar conditions to make r « or real would be the reduction of 
the moment of inertia M. It foUows from the very nature of 
things, that without special contrivances this cannot be done con- 
stantly^ and not with apparatus already manufactured. But the 
smaller M is, the thinner, for instance, a magnet mirror is of other- 
wise similar figure, with so much less astaticism does its motion 
become dead-beat." % I have since frequently thought whether 
one might not succeed in making its motion dead-beat by reduction 
of the moment of inertia alone without making the needle astatic. 

I therefore set about hanging magnets of the thinnest steel plate 
in silver dampers, in doing which the only difficulty was that such 
mirrors give no image in the telescope, whilst combination with 
even the lightest glass mirrors increases the moment of inertia 
too much.§ 

In the meantime this problem has been solved by my friend Dr. 
W. Siemens in a manner which appears all the more ingenious the 
more strange the solution seems at first sight. Dr. Siemens has 
made dead-beat swinging magnets without astaticising them, which, 
although the reduction of the moment of inertia has been kept in 

* Monthly Koport of the Berlin Academy of Sciences, 1878, p. 748. 
t See Monthly Report of the Berlin Acad., 1869, p. 807 ; 1870, p. 537. 
X Idem, p. 836. 

§ Archives des Sciences Physiques et Naturellcs, N.P., 1872, Vol. XLV., 
p. 92. 
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view, are jet powerful enongh to allow of their being coBaected 
with a mirror without detrimeot. He has been ho good as to 
permit me to communicate thig ooastmction to the Academy in 
hifl name. 
It ia shown half-size in Fig. 27a. E E' is a copper sphere shown 



Fig. E7a. 



1 



in section, in which is bored a cylindrical cavity A A', the axis of 
which corresponda with the vertical diameter of the sphere, and the 
niis aroand which the magnet let into the hollow rotates. The 
beat idea of the latter may be formed if one conceives a thimble or 
steel bell with two cuts made parallel to one another and to the 
axis and at eqaal distance from the latter. There remains then a 
loop, which the principal Sgnre shews in a section taken parallel to 
the axis, the neighbouring figure in a section perpendicular to the 
former, and which is seen in ground plan from below. A stem is 
fixed in the centre of the loop, in the continuation of its axia, by 
which it is suspended centrally in the cylindrical hollow of the 
damper, and to the top of which the mirror is fixed ; magnetically 
speaking, the loop represents a horse-shoe, the poles of which lie 
opposite one another in its legs N S. Dr. Siemens callfi snch 
m^nets bell magnets." 
There ia obtained by this arrangement: 1. A greater intensity 

* In another seiue b« it noted tlian Sir. Wiedemann nsra this expression. 
(Theory of Oslvanism and ElectromsxnetiEm, Snd ed.. Vol. II., Brunswick, 
1873, p. 4S3,) An account of the boll magiiet i> to be found in Zetsclie ; short 
tommunicationB on the new teJMjrapIi apiiaratus exhibited by Sieiuens aud 
Halako in Vienna in 1873, in Schiomilch's, Kahl's uid Cantor's Zeittduift fur 
Math, nnd Phyi., 1878, p. i27. 
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of magnetization by the horse-shoe form. 2. A relatively smaller 
moment of inertia. 8. A greater proximity of the poles to the 
damping metallic mass. 4. Independence of damping on 
deflection. 

The consequence of this arrangement is that the magnet not 
only swings dead-beat without being astatic, but also that e is 
considerably greater than n. To obtain the well known advan- 
tageous limiting condition d = n, the Hauybar must either be used 
in the opposite direction, or the magnet must be raised somewhat 
above the damper. The Siemens arrangement fulfils even more 
correctly than mine Gauss's original conception. Its sensitive- 
ness, when the bell magnet is used as a galvanometer needle, leaves 
nothing to be desired. The stability against concussions from 
passing carriages, etc., is specially great. The period of bell 
magnets is not only very small in proportion to their mass, but 
Also when taken absolutely, even smaller indeed than that of my 
light mirror I., for with a sample which I tested it amounted to 
only 3" in the case of the limits of the scale, which indeed enclosed 
only a very small angle. 



CAPILLARY GALVANOSCOPE FOE THE MEASURE- 
MENT OF RESISTANCE IN SUBMARINE CABLES.* 

Mr. Siemens brought before the Section a capillary galvano- 
•scope constructed by him, which is specially intended to render 
possible the measurement of resistances of submarine cables on 
iossing ships. 

The instrument is a modification of Lippmann's capillary elec- 
trometer. It consists of two wide glass tubes fixed perpendicularly 
in a small base at about 3*^^ distance. Directly above the surface 
of the base they are connected by means of a thin glass tube 
•slightly curved upwards, of about |™*" internal diameter. A scale 
with millimetre divisions is fixed on the base below this capillary 

* Monthly Report of the Berlin Academy of Sciences, ] 874, p. 157. 
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connecting tube. The two wide vertical glass tubes, as well as the 
capillary connecting tube, are so filled with pure mercury free from 
air that in the middle of the capillary tube, the thread of mercury 
is broken by a thread of sulphuric acid a few millimetres in 
length. With a little practice the filling is easily done without 
admitting air. 

The above described arrangement has decided advantages over 
Lippmann's, in which the capillary tube is half tilled with mercury 
and half with sulphuric acid. In Lippmann's arrangement the 
shifting of the meniscus which is brought about by the alteration 
of the capillary constant connected with the polarization is much 
less, as by lengthening or shortening the mercury column in the 
vertical capillary tube a rapidly increasing opposing force is called 
forth, which limits the shifting. With the arrangement described, 
on the contrary, no noticeable alteration in the level of the mercury 
cups occurs in the wide vertical tubes. It is therefore necessary 
to bend the capillary connecting tube slightly up, so that even the 
weakest current may not expel the drop of sulphuric acid from 
the tube. Should this nevertheless take place when too strong 
currents are used, the drop of sulphuric acid clings by adhesion to 
the mouth of the capillary tube and returns on reversal of the 
current. A second very important advantage of the arrangement 
described consists in the mercury cups limiting the sulphuric acid 
threads becoming both polarized, by which the pushing force is 
increased, and is equally strong for both directions of the cmTent. 
Finally, the resistance to motion brought about by the adhesion of 
the sulphuric acid to the walls of the capillary tube is much smaller 
with the described construction on account of the shortness of the 
thread of sulphuric acid. 

If the instrument is to be made insensible to the motion of the 
ship, the perpendicular glass tubes are provided with auxiliary 
tubes, which are curved inwards, so that their mercury cups lie 
near together over the middle of the capillary tube. 

One defect which renders the use of this capillary galvanoscope 
difficult is that the thread of sulphuric acid returns to its place of 
rest only very slowly after deflection by a cunent, even when care 
is taken to depolarize the mercury cups by metallically connecting 
the two mercury columns. If however the same quantity of elec- 
tricity which caused the polarization is sent through the instrument 
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in the opposite direction, the thread retarns qnicklj and ezactlj 
to its original position. This is easily effected by inserting a con- 
denser in the circuity the forward motion taking place on the 
charge and the return motion on its discharge. The instrument 
can only be employed for exact measurements when very great 
resistances and considerable electromotive forces come into play. 
If the electromotive force of the battery is not at least -g^ Daniell 
no observable motion of the thread takes place. Notwithstanding 
this, the instrument can be usefully employed in many cases, 
especially when very great resistances arc included in* the circuit. 
These make the motion of the thread of sulphuric acid slow, but 
are altogether without influence on the extent of the motion. 



DIRECT MEASUREMENT OP THE RESISTANCE OP 

GALVANIC BATTERIES.* 

Ohm^s method of repeats measurement of currents by the 
insertion of known resistances gives, as is known, the necessary 
data for calculating or comparing the three constants of the 
galvanic battery. As the measurement of currents necessitates 
the employment of very exact measuring instruments, and the 
method is, besides, very tedious and occupies much time when it 
is to give anything like satisfactory results, it is very desirable to 
endeavour to determine the separate constants of the battery by 
direct measurement. This has succeeded in a very perfect degree 
as regards the measurement of the resistance of those parts of the 
battery where there is no E. M. P. at work, with the aid of the 
branch-current system known by the name of the Wheatstonc 
bridge. The comparison of the E. M. P. of two batteries has been 
brought to a high degree of perfection by means of Mr. Poggen- 
dorff *s compensation method, although it still has the great defect 
that the E. M. P. are not compared under similar conditions, but 
are so compared that the one battery is on closed circuit of definite 
resistance, and therefore active, whilst no cuiTent passes through 

* roggendorff*8 Annalen d. Phy. u. Chemie, Jubilee Vol. 1874, p. 445. 
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the other. In recent times Paalzow, Beetz and others have also 
proposed mebhods of determining the internal resistance of batteries 
in action, with the assistance of Dubois' perfected Poggendorff 
compensation method. Although it is not to be denied that in 
this way the problem of determining the resistance of galvanic 
batteries without the measurement of the current is solved in 
principle, yet these indirect methods have very serious defects. 
The desired resistance of the battery appears in this method as the 
result of calculation, in which are introduced, besides the known 
interpolated resistances, the resistance of the comparison battery 
and the ratio of the E. M. F. of both batteries, since, as is now 
known and confirmed by the experiments described later on, 
neither the E. M. F. nor the resistance of a galvanic cell is really 




constant, but both vary with the relative strength of the current, 
consequently with the degree of activity of the unit of surface of 
the cell ; therefore the introduction of the E. M. F. of the battery 
into the calculation must necessarily essentially affect the result 
obtained. Setting aside 'this theoretical defect, the methods 
founded on the compensation principle are too minute and trouble- 
some, especially for technical use. 

My method of direct determination of the internal resistance 
of the battery depends, like Wheatstone's method of measuring 
resistance, on a law of derived circuits.* 

A B D (Fig. 28) represents in the following diagram the 

• I have already described this method before the Society of Telegraph 
Engineers in London, at their meeting on the 11th December, 1872. 

VOL. I. Q 
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circuit of the battery E, the internal resistance of which is to be 
determined ; C represents the'point of bisection of the resistance of 
the whole circuit, so that A B C = ADC = a; further B C = 
C D = &. A shunt of resistance w is connected to A, and can be 
joined up to either the point B or D by means of a commutator. 
Thus, according to KirchhoflTs laws — 

(a - 5) J + (a + J) » = E . . . . (I.) 

f^ f, - (a + ft) » = (II.) 

f + i = J . . . . (III.) 

and when J and f, are eliminated from these three equations — 

Em; 



% = 



a^ -f 2 a M? - ^?3 * 



In this expression for the strength of the current i in the part 
of the main circuit, which has no E. M. F., the distance h of the 
shunt from the dividing point of the total resistance occurs only 
as the square ; f- therefore remains unchanged if - ^ is put in 
place of "by or if the shunt is joined to the point D instead of B. 
It is easy to make a contrivance to measure the internal resistance 
of a battery by means of this law of derived circuits. If B C D = 
2 ^ is any resistance, the amount of which had best be between 
once and twice the resistance of the battery ; if, further, A D = 
^t - & is the coil of a galvanometer and w a resistance coil, one 
end of which is joined up to one pole of the battery and to one 
end of the galvanometer wire, whilst the other end is joined up in 
quick succession with the point B or D, then it is only necessary 
to add or withdraw resistance between the free pole of the battery 
and the point B by means of a rheostat until the needle of the 
galvanometer remains unaffected, whether the connection is estab- 
lished at the point B or D of the circuit. The internal resistance 
of the battery is then equal to that of the galvanometer, less the 
resistance inserted to obtain equilibrium. I append a series of 
experiments which Dr. Frcilich has made in my laboratory by 
this method, proving its reliability and practicability. 
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Namerons determinations with varions fonns of Daniell cells 
were made according to Dr. Werner Siemens's method of measur- 
tng the resistance of batteries. It was found that in order to 
obtain constant and comparable results the following conditions 
had to be observed : — 

1. The current during the whole measurement must remain 
•quite constant. 

2. The proportion of the current in the battery branch must 
be maintained constant within certain limits. 

The carrying out of the first condition is obvious and easily 
obtained by carefully setting up the batteries and joining them 
up some time before the measurement, so that the strength 
of the current may have the same value as in the subsequent 
experiments. 

The necessity of the second condition was also to be expected, 
for the surface resistance which particularly comes in here is a 
function of the strength of the current. If, theref ore, different 
constant cells are to be compared as regards their resistance, 
whether singly or together, in order to obtain correct results, the 
resistances have to be so arranged in the circuit that both the 
current strengths in the battery branch, which correspond to the 
two positions in the branch C (in Fig. 80), may always have the 
same value in the separate measurements. 

As it is troublesome to carry out this condition strictly, it 
became requisite to determine experimentally to what extent the 
strengths of the current might differ firom one another without 
affecting the results of the measurements ; further, the certainty 
of the method should be proved. 

The safest test of the latter consists in measuring cells indi- 
vidually as regards their resistance, then to connect them up in 
series in various groups, and again to measure the resistance. The 
resistances of each group must then agree with the sum of the 
resistances of the single cells. 

This test was made with five small Daniell cells, the resistances 
of which were first determined separately and then in groups of 
2, 8, 4 and 5 ; whilst both current strengths in the battery 
branch A were made almost equal in the different measurements. 

Q2 
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There was an almost perfect agreement in the results ; the devia- 
tions are almost of the same order as the errors of observation, 
and it showed, farther, that to maintain the strength of the 
cmrent in the batteiy branch equal a somewhat wide range is 
requisite. 

As regards the sensitiveness of the method, it may be laid down 
generally as a rule that the maximum is reached when in the 
battery branch A there is no resistance beyond that of the cell, 
and that in the branches B and C the resistances have about the 
same values as in the battery branch. 

The strength of the current in the battery branch was measured 

Fig. 29. 




with a tangent galvanometer, that in the branch g with a delicate 
mirror galvanometer. The latter was, however, placed in a shunt n 
to the branch a (Fig. 29), in which the resistance was maintained 
so great in comparison with that in 6 that for the calculation of 
the resistance of the cell the shunt n may be left out of con- 
sideration. 

A Poggendorffs wippe was used as commutator. The sensi- 
tiveness of the measurement, that is the difference between the 
two currents, when 0*1 Siemens unit more or less was inserted 
in a amounted, with the measurement of the separate cells, to 
2nim deflection on the mirror galvanometer ; with five cells in 
scries to 0-5°»™. 

The following table contains the measurements of the resist- 
ances of the various groups of the cells. The deflections of the 
mirror galvanometer are added to show that the current remained 
of about the same strength also in the galvanometer branch. 
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This is certainly immaterial ; however, the error which arose f i*om 
variations of the zero point of the needle would thns be alike in 
all measurements. 



1 

t 

Elements. 


G. 

UniU 

200 

2-60 

1*76 

1*60 

1*40 

4*20 
4*00 
3*00 
2-60 


Reading on 
Mirror Gal- 
vanometer. 


Strength of Current in 
Battery Branch. 


Position 1. 


PoHition 2. 

0*198 
0*176 
0-194 
0-209 
0-216 


I. 

II. 

III. 

IV. 

V. 


mm. 
290 
800 
285 
274 
265 


0*312 
0-270 
0*333 
0*340 
0*378 


I. +11. 
II. + III. 

III. + IV. 

; IV. +v. 


294 
290-6 
267 
252 

289 
285 
263 


0-291 
0*291 
0*361 
0*366 


0*176 
0-185 
0*194 
0-209 


I. + II. + III. 

II. + III.+IV. 

III. + IV.+V. 


5*55 
5*20 
4-00 


0*306 
0*325 
0-376 

0*310 
0*329 


0*198 
0*190 
0-224 

0*190 
0*190 


I. + II.+III.+IV. 
II.+III.+IV. + V. 


6*80 
6-20 


276 

268 


I. + II. + III. + IV.+V. 


7-80 


273 


0*327 


0-224 



In all the measurements the resistance of the wire in A amounted 
to 0*40 unit (leads to the cells) ; the resistances in the branches 
^ C N were as follows : — 



t 


B. 


C. 


N. 




Unlta. 


Unlta. 


Units. 


Cellfl separately 


3 


3 


1500 


„ 2 in series . . . 


7 


7 


3000 


• > 3 ,, . . 


10 


10 


4600 


M 4 )| . . . 


16 


15 


6000 


„ 6 „ . . 


18 


18 


7500 



From these values are reckoned the resistances of the cells by 
simply deducting the resistance of the wire in A from G. We 
then obtain — 
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EtemcBta. I 


IfwiitwnfT 




EiTor. 1 

1 
Unite. 




i I. 
II. 

HI. , 
IV. ' 
V. 


Unite. 

1-60 

2-20 

1-35 

1-20 

1-00 


Unite. ' 

1 


I. + II. 

II. + III. 

III. + IV. 
IV. +V. 


3-80 
3-60 
2-60 
2-20 


3-80 

' 3-55 

2-55 

2-20 


0-00 
-005 
-0-05 

0-00 


I. + 11. + III. 
II. + III. + IV. 

IH.+IV.+V. 

1 


5-15 
4-80 
3-60 


5-15 
4-75 
3-55 


0-00 
-0-05 
-0-05 


i.+ii.+iii.+n\ 
11.+111.+IV.+V ' 

L+IL+111.-IV.-V. 1 


6-40 
5-80 


6-35 

5-75 


-0-05 1 
-0-05 : 


7-40 


1 7-35 


-0-05 S 



The groups of 2, 3, &c.y are calculated from the YBlnea obtained 
for the separate cells. The result simply shows that the resistanoe 
of cell III. was measured 0*05 unit too little. 

The variations of current strength in the battery branch A are 
the following : — 

In position 1 of branch C, from '270 to '378. 
2 „ from '176 to '244. 

It follows in general from these measurements that the proposed 
method, when properly applied, gives thoroughly reliable results ; 
that there is no need, however, to take special pains to carry 
out the second of the above-named conditions ; and that the 
method has, therefore, the further advantage of easy and rapid 
application. 
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INAUGURAL SPEECH OF DE. SIEMENS AND REPLY 
OF PROF. DU BOIS REYMOND, SECRETARY OF 
THE PHYSICO-MATHEMATICAL SECTION.* 

The Academy, bj admitting me among its members, has done 
me an honour which I have not sought, and was not entitled to 
expect. Up to now only those savants were called to these chairs 
rendered venerable by the high scientific attainments of former 
as well as present occupants, whose sole vocation was science, and 
who had successfully devoted the whole of their intellectual power 
to it. And there were strong reasons for adhering to this custom. 
The universal homage which the world renders to German science 
is due to the well-grounded fame of the thoroughness of its work, 
to the depths of its investigations, and specially to the strict 
demand for a fundamental and systematic preparation for the 
scientific calling. This inspires a young man with the love of 
science, and strengthens him to carry out his resolution of hence- 
forth devoting his life to it. This it is which has preserved to 
German science the purity of scientific tendency, which forms its 
highest honour. The German scientist does not ask whether the 
problem the solution of which he is undertaking, whether the 
research to which he is devoting himself, will bring immediate 
advantage to himself or others, it is the pure unselfish love of 
science which lays down his problem for him, it is the ardent 
desire for knowledge which incites him to devote the whole of his 
mind to carry it through, often under the afflicting cares of life, 
until he is exhausted. The consciousness of having increased the 
one genuine treasure of mankind, its store of knowledge, is reward 
enough for him, and his ambition is satisfied if his name is for 
ever associated with the discovery of some new truth, of a new 
scientific fact or deduction. 

The Academy by choosing me, has deviated from the system 
which has accomplished such a success. It has considered a man 
worthy to enter its ranks whose professional activity appertained 

* Read at the pablic meetiDg of the Royal Academy of Science of Berlin on 
the 2nd July, 1874. 
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neither to science itself, nor to scientific teaching nearly allied to 
it, to whom also it was not permitted, as the disciple of some 
great maater to climb up, under safe guidance, to the shining 
heights of the science of the day, and then on this solid founda- 
tion of the intellectual work of the whole human race, collected 
during a long series of centuries, to be able to co-operate in raising 
them yet higher, with comparative ease. 

I am not presumptuous enough to think that the contributions 
which I have made to pure science have alone been decisive for 
this. I believe, and I take comfort in the conviction, that more 
weighty considerations have influenced the Academy. I account 
for it by the circumstance that thanks to better education at 
schools and to the greater development of mental intercourse, 
which now quickly makes every new thought and every new 
scientific fact unalienable for the future general good of mankind — 
scientific knowledge and method are now no longer confined to 
the narrow circle of the professional scientist, but exert their 
animating and fructifying infiuences over larger circles of the 
community. They have been introduced as essential factors into 
the teaching profession, into official life, into the manufactures, 
into agriculture, even into most of the trades. Thousands of co- 
workers in science have thus sprung up, who certainly for the 
most part do not stand upon a height of knowledge affording a 
wide survey, yet knowing their specialty thoroughly, and endea- 
vouring to extend it with the assistance of the scientific knowledge 
they have acquired, arrive everywhere at the limits of our present 
knowledge. The knowledge of new facts, of hitherto unknown 
phenomena, flows back thence to science in living streams. Yet 
it is not alone in the interest of science to tread in close connection 
with the application of the results of its investigation to practical 
life, because it richly returns what it receives ; it is also for it a 
command of duty. For what gives science its higher sanction, 
what alone gives it a claim to the grateful affection and reverence 
of the people, is that it does not exist on its own account, for the 
satis&ction of the desire for knowledge of the restricted number 
of its professors, but that its task is to increase the store of 
knowledge and power of the human race, and to supply it thereby 
with a higher grade of culture. It is as it were the nervons 
system which runs through the organism of human culture, which 
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generates new life in its finest, hardly visible, ramifications, and 
not only increases thereby the ideal good of mankind, but lightens 
the hard fight for material existence by pressing into its service 
the still unknown slumbering forces of nature. 

To this last object of scientific activity my exertions were always 
directed in my profession of the application of science. Unfor- 
tunately, it left me but little leisure for purely scientific investi- 
gations, to which I always felt specially attracted. My problems 
were generally prescribed by the demands of my profession, 
because the filling up of scientific voids which I met with presented 
itself as a technical necessity. I will only here mention cursorily 
my method of measuring high velocities by means of electric 
sparks, the discovery of the electrostatic charge of telegraphic 
conductors and its laws, the deduction of methods and formulas 
for testing underground and submarine cables, as well as for 
determining the position of faults occurring in their insulation, 
my experimental observations on electrostatic induction, and the 
retardation of the electric current thereby, the conception and 
realization of a reproducible basis of measurement for electrical 
resistance, the proof of the heating of the dielectric of a condenser 
by sudden discharge, the discovery and explanation of the dynamo 
electric machine. I think I may also claim that many of my 
technical contributions are not without scientific value, among 
which I may mention the dififerential regulator, the manufacture 
of insulated conductors by pressing gutta-percha around them, 
telegraphic duplex, diplex, induction and automatic recording 
instruments, the ozone apparatus and measuring instruments of 
different kinds. I had the honour of seeing these recognized by 
receiving from the Berlin University the distinction of Doctor of 
Philosophy honoris causa. I cannot omit at this point thankfully 
to draw attention to the circumstance, that the friendly sympathy 
with which many of the elder members of this Academy always 
followed my efforts, as well as the ties of friendship which bind 
me to many of the younger, essentially combined to keep alive in 
me the love of science during my long technical career. It is 
true that I have seldom had leisure to prosecute with scientific 
consistency the new phenomena I met with beyond the limits of 
technical necessity, and also in future my professional labours will 
prevent me from altogether obeying my scientific inclinations. 
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Bat the Academy, by its choice of me among its members, has 
associated inclination with daty, a reminder which tends specially 
to influence one in the State of Frederick the Great, which also i& 
not likely to remain without influence upon me. 

Here followed Mr. Virchow's speech. 

After the speeches of the newly-elected members to the Physical 
Mathematical Section of the Academy, Messrs. Siemens and 
Virchow, Prof, du Bois Reymond replied as secretary of the 
section, as follows : — 

Your admission into the Academy, my dear Siemens, and youra 
Mr. Virchow, coincide not only as regards time, but also in many 
other points. Neither belongs properly to the usual occurrences 
in the life of our corporation. As a rule it fills up the voids 
which fate makes in its circle with younger forces, the rich develop- 
ment of which in the future it considers certain. It not seldom 
incorporates into itself men already mature and universally known ^ 
but this generally occurs on their coming to reside in Berlin. The 
names of Siemens and Yirchow on the contrary have long been 
prominent ornaments in scientific Berlin. If there is anything 
which would surprise outsiders in this day's event, it would be that 
it has only happened to-day. 

But the merits with which the world is accustomed to connect 
both names are partly of a kind to which Academies are naturally 
somewhat foreign : and because their dazzling lustre concealed the 
academical nucleus contained in it, they assisted in a wonderful 
way to retard this day rather than to hasten it on. 

The practical application of science, making it serviceable for 
technical purposes, for which you, my dear Siemens, have done so 
much, lies outside the circle of our occupations. So far as this 
application assures wealth, power and consideration to him who 
successfully devotes himself to it, it is left to itself without risk of 
damage, and needs no status conferred by the State. Force and 
means and encouraging sympathy will never fail it. The develdp- 
ment of industry for a century past, to which the learned societies 
have but slightly contributed directly, sufficiently proves this. In 
any case the passing of a good patent law should be of more 
service to industry than an inmiediate share of the Academy, in 
the solution of industrial problems, indeed a near lying example 
proves that, to succeed fully, industry does not even require this 
help. 
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BcDJamin Franklin, one of the first apostles of utilitarianism, 
called mankind the machine-making animal. Hardly a oentory 
has since passed, and we proudly add, he is the animal who 
travels by steam, writes with lightning, and paints with the sun's 
rays. The systematic utilization of the stores of nature, the 
methodical subjection of its forces, are incontestably one of the 
highest objects in which mankind can engage, and we now 
approach this object with a safety and constancy, which justifies 
almost every hope, and causes man to appear more God-like than 
ever before. For under our present conditions, to make the sum 
of our well-being and enjoyments a maximum, and of our sufferings 
and privations a minimum, is an undertaking similar to that, 
which according to Leibnitz, in whose name we are here assembled, 
appeared to Ood himself at the creation of the world. 

But man does not live by bread alone, and may ask with 
Novalis, which is more practical, to give man bread or an idea ? 
After the sense of beauty is satisfied, which, according to Darwin, 
the bird shares with us, there is still in man one instinct, which, 
like speech, belongs to him alone of aU living beings. The word, 
Why ? which comes to us from the lips of unlearned children, as 
thousands of years ago it sounded from those oriental philosophers, 
is amongst all the words of the human language the word most 
suitable to man. The desire to ascertain satisfactory reasons is, so 
to speak, the pinnacle of what matter can do when it is built up 
into the brain and produces consciousness. 

The appeasing of this desire, the satisfaction of the instinct 
seeking the cause of things, is the remote height, where the 
academic spirit tarries, but without some preparation, would soon 
be isolated. For he who would only search out real truth does 
not require to look about to know, that only a few go his way. 
Science does not seek after worldly goods, and scientific ambition 
is more a sign of talent. 

Hence the Academy exists for the building up of scientific 
knowledge on its own account. That no democratic or oligarchic 
commonwealth ever founded an Academy, throws a peculiar light 
on the spirit of the diffei'ent forms of government. 

Sprung from the idealisticaliy disposed Benaissance, the Acade- 
mies in the realism now surrounding them stand out almost as 
heterogeneous creations. It is also inevitable that their standpoint 
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should be somewhat altered in the course of time. But by appro- 
priating such a scientific form as yours, my dear Siemens, no 
Academy need be untrue to the laws of its foundation. 

Tours is the talent of mechanical discovery, which primitive 
people not improperly described as divine, and the cultivation of 
whichconstitutes the ascendancy of modern culture. Without having 
yourself worked with your hands in practical mechanics, you have 
reached the highest point in that Art as creative and organizing 
head. With clear view and daring mind you soon grasped the 
great practical problems of electric telegraphy, and thus secured to 
Germany an advantage which Gauss, Wilhelm Weber, and Steinheil 
could not have procured for it. Long before the newly awakened 
German genius dispelled in Parliament and on the battle field the 
scornful prejudice that we arc a nation of dreamers, yours and our 
Ualske's apparatus, at each of the world^s great exhibitions, forced 
from the jealous foreigner a wondering acknowledgment of 
what Gennan science and German industry are able to accomplish. 
Your labours were for electricity what Frauenhofer's were for light, 
and you are the James Watt of electromagnetism. Now you rule 
over a world which you created. Your telegraph lines surround 
the globe. Your cable ships navigate the ocean. Under the tents 
of nomads using bows and arrows, through whose pasture grounds 
your messages pass, your name is mentioned with superstitious awe. 

But it was less this sort of success, which has won you such a 
position in life and such far-reaching renown, that opened to you 
the doors of the Academy. But that from such a height, as prince 
of technists, holding in your hands the threads of numerous com- 
binations, revolving hundreds of plans in your brain, you exist in 
the very soul of German learning in the noblest sense of the word 
bom to what you were not brought up ; that whenever the cares 
of business allowed you, with a love for phenomena, with loyalty 
to experiment, with candour for theory, with genuine enthusiasm 
you return to pure science, that stamped you, without reference to 
your ingenuity, inventive power, your gift of observation as an 
Academician in our eyes. Just because you were not passing 
through the usual training of the German scientist, the Academy 
specially counted upon you. Not exactly in the sense that the 
unusual way in which you soared aloft is a true sign of unusual 
power, but because thereby, as we commend in many English 
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phymcists, your view remained fresher, your apprehension less 
confused, your judgment clearer, than if you, like others, had been 
brought up in the dogmas of the school. 

I, who early knew your worth, and have been connected with 
you in friendship for thirty years, which I consider as the greatest 
blessing of my life, — I, as speaker for this corporation, could have 
found nothing more agreeable than to welcome you this day in 
their name in our midst. 

(Address to Mr. Virchow follows.) 



CONTRIBUTIONS TO THE THEORY OF LAYING AND 
TESTING SUBMARINE TELEGRAPH CABLES .♦ 

The subterranean cables laid in Prussia in the years 1847 to 
1852 must be looked upon as the starting point of submarine 
telegraphy. Experiments had been previously made in insulating 
underground wires used as conductors with glass tubes, india- 
rubber, etc., among which those made by Jacobi in St. Peters- 
burgh, in the year 1842,t on a rather extended scale, deserve 
especial mention ; they all failed however. In the year 1846, I 
proposed to the Prussian government the use of gutta-percha as an 
insulating material, which had shortly before been introduced into 
Europe. Its property of becoming plastic when heated, combined 
with its insulating property, made it appear specially applicable 
for the intended purpose. Yet the experiments simultaneously 
made with this material both here and in England, were not 
satisfactory, for the gutta-percha rolled round the wire gave way 
after a short time at the joints. It was with the help of a covering 
machine constructed and employed by Halske and myself in the 
year 1847, by means of which the guttapercha made plastic by 
heat, was pressed without a seam around the wire, that the problem 
of the manufacture of thoroughly insulated submarine and under- 
ground cables was solved. 

* Monthly Report of the Berlin Academy of Sciences of 17 Dec, 1874. 
t Pogg. Ann. VoL 28, p. 409. 
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Although the extensive network of undei^oand condactorB 
insulated with compressed gutta-percha which in the following 
years was so hastily spread over North Germany and Prussia, did 
not have a very long life, especially since, to save cost, the wires 
were laid without external protection, and at too slight a depth in 
the ground, yet it gave an opportunity of collecting experience on 
the manufacture and maintenance of such insulated conductors, 
and of studying their physical properties. It was reserved for 
English enterprise to apply the knowledge and experience gained 
here in a province from which the competition of cheaper overhead 
wires is excluded, viz., that of submarine telegraphy. 

In the year 1850 Mr. Brett had already laid a single conductor 
insulated with gutta-percha across the Channel from Dover to 
Calais. As this, as was to be foreseen, was not permanent, he 
replaced it in 1851 by a conductor insulated with pressed gutta- 
percha which was surrounded with a sheathing of strong iron 
\yires for protection against external injury, and thus produced the 
first serviceable submarine cable. 

The laying of this cable presented no great difficulties on 
account of the small depth of water. The experiments which 
Brett afterwards made of laying a similar cable also in deep parts 
of the sea failed, however, as the forces occurring in laying deep 
sea cables were not then rightly understood, and the necessary 
precaution for their regulation had not been properly found out. 
The first successful laying of a deep-sea cable between Cagliari 
and Bona in the year 1857, in which I was requested to take part, 
gave me the opportunity of studying the mechanical work of cable 
laying. According to English practice the cable is coiled in a 
continuous spiral in one or more circular compartments built in 
the cable ship in such a way that it may run out over a pulley 
placed in the axis of the ring without kinking or being stopped in 
any way. If the ship is supposed to be moving continuously and 
uniformly straight ahead, and letting the cable sink behind it into 
the sea, then each portion of the cable which on account of its 
great suspended length may be considered as perfectly flexible, 
will sink down to the sea bottom with equal and constant velocity. 
The distance of each portion of the sinking cable from the surface 
of the water must therefore be proportional to the time which has 
elapsed since it left the ship. If the velocity of the ship be con- 
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istant, these times are proportional to the horizontal distance of 
the ship, i.e.9 the cable mast form a straight line from the ship to 
the sea bottom. This straight line sinks parallel with itself to the 
bottom. The ship mast at the expiration of the nnit of time be 
exactly at the point, where the line of the sinking cable cats the 
sarface of the water. Therefore if each portion of the snspended 
cable, sinks to the bottom with a velocity v dae to its weight in 
the water, and if the velocity of the ship is represented by r, the 
angle a which the line of the cable makes with the horizon is 
determined by the equation — 

tan a = - • . . • (1; 

c 

if it is assumed that with steady motion of a portion of the cable 
falling parallel to itself into the water the space is proportional to 
the force. The weight w oi h nnit length of the cable in water 
may be resolved into two components of which the one w cos a 
draws the cable through the water to the bottom^ perpendicularly 
to its direction, whilst the other wmna exerts a pull in the direc- 
tion of the axis of the cable, and consequently tends to draw down 
the straight cable along the oblique plane formed by the water 
on which it rests. The total amount of this last force is wJsina, 
I represents the length of the suspended cable, or as / 8%na = h, «'.«., 
is equal to the depth of water, the total pull P is = t^; ^, or equal 
to the weight of the cable hanging from the stationary ship per- 
pendicularly to the sea bottom. If the cable is not held back in 
the ship by friction, this pulling force p is only opposed by the 
friction which the water presents to the sliding down of the cable 
in the direction of its axis. The amount of the latter depends 
on the nature of the surface and the diameter of the cable. With 
heavy cables sheathed with iron, it is so small in proportion to the 
specific gravity of the cable, that by far the greatest proportion of 
the pull Y ox toh has to be balanced by'friction on board-ship, if 
it is desired to prevent the cable uselessly sliding down with great 
velocity into the depth of the sea. 

In order to be able to determine properly the amount of the 
frictional resistance necessary to be applied at each moment on the 
ship, it is requisite to know the depth of the sea at each place 
passed over, and to employ a dynamometer which indicates con- 
tinuously the amount of strain with which the cable leaves the 
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ship.' As farther the horizontal component of this strain checks 
the ship's progress, the force with which the ship is propelled must 
be sufficient to overcome this resistance and to drive the ship 
forward with sufficient velocity. When accordingly the steamer 
carrying the cable had been fitted with a sufficiently powerful 
brake, and a dynamometer constructed by me, similar to a chain 
balance, and when its engine power which was much too small to 
overcome the great brake used for the heavy cable had been 
supplemented by another stronger steamer taking the cable 
steamer in tow, the cable was successfully laid in the considerable 
depths between the places named. 

Messrs. Longridge and Brooks have subsequently * submitted 
the theory of cable laying to a searching enquiry. No objection can 
be made to it mathematically, and more particularly it thoroughly 
treats of the case of a cable lying sloping in the water, and of the 
curve it takes during its submersion, when it is laid with strain 
on the sea bottom. Regarded physically, however, the work and 
the deductions made from it leave much room for objection, since 
one of the fundamental principles assumed, which has an impor- 
tant effect on the results obtained, is incorrect. The work also 
fails in a clear knowledge of the essential factors and in lucid 
development of the results given. 

The forces which act on the sinking cable are gravity and the 
f rictional forces opposed to it. Among the latter may be distin- 
guished the sliding friction which opposes the slipping down of 
the cable in its own direction, and the friction combined with 
displacement of the mass of water, which occurs with the sinking 
of the cable in a direction perpendicular to its own. The last is 
proportional to the square of the velocity of fall, the first to the 
velocity itself. Longridge and Brooks have assumed both forces 
to be proportional to the square of the velocity, and hence obtain 
inaccurate results, especially as regards the determination of the 
amount of the brake-power which must be employed on the ship. 

at 

In the formula previously stated by me tan a = - , I have taken 
the velocity of fall perpendicular to the direction of the cable as 



* Proc. of Inst, of C. E., Vol. XVII., 1858. On submeiging telegraph 
cables. 
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proportional to the velocity ; it will, however, be shown later that 
for such values of the angle a as generally occur in cable laying 
this is nearly correct. My assumption that the cable assumes a 
straight line with uniform speed of the ship is independent of the 
action of the frictional forces. The cable always assumes a straight 
line of such inclination, that the component of gravity acting in 
the direction of the cable is balanced by the sliding friction, that 
at right angles to this direction by the friction attendant upon the 

Fig. so. 




displacement of the water. We thus obtain equilibrium of motion, 
and therefore uniform motion. 

In what follows the letters denote — 

a. The angle the direction of the cable makes with the horizon. 

ffi. The angle between the direction of the cable, and the 
direction in which each portion of the cable actually sinks to the 
bottom. 

c. The speed of the ship. 

w. The constant velocity with which the cable sinks vertically 
in the water. 

V. The velocity of fall, when the direction of the cable is 
horizontal. 

w. The weight of a unit length of the cable in water. 

h. The depth of the sea. 

I. The length of the cable suspended in a straight line in the 
water. 

VOL. I. B 
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p. The friction and brake-power with which the cable is held 
back on the ship. 

8. The snrplus of the length of cable paid oat over the simul- 
taneous progress of the Bhip,> or what is technically called slack in 
English. 

A' B' is the position which the cable A B assumes after unit of 
time. A point a of the cable arrives after unit of time at the 
point d. The motion a d is resolved into the two motions a b 
and ac. All the forces must therefore balance each other in both 
directions in order that the existing velocity may remain unaltered. 
The coefScient of sliding Motion may be provisionally represented 
by r, that of the friction of the displacement by q. The condition 
of equilibrium of the forces in the two directions a b and a e gives 
the formulas — 



l.wBina-r.l,ab~p = 0. . . (a) 
I ,w ccma - q lac = {b) 

The remaining quantities are expressed by the relations — 
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The last relation depends on the fact that the direction in 
which the point a must move when the cable is laid without slack 
must bisect the angle cog, so that B C = B A. For the coefficients 
r and q the above-mentioned velocities u and v must be introduced, 
namely, for perpendicular fall of the cable in the water — 

in the vertical direction t^ = — fix)m w r - «^ = 0, 

r 

in the horizontal „ r = A/i? from if^q - w ^(^. 

y q 

u, V, w are constants of the cable which can be determined before 
laying. These are the only cable constants, the knowledge of 
which is here requisite. 



\ 
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For the angle a which tlie cable makes with the horizon we 
obtain from formula (J), and the remaining relations : — 



co8a= -1.5+ V^ +iS' 



V • 



or when - is deduced from it — 
c 



V sm a 

= tan a ^COS a . • (2) 



c 



VcOSa 



This formula is strictly accurate. In practical cable laying, 
only small values of a generally occur, for which formula (1) gives 
•sufficiently exact results, for with small values of a the expression 
^ cos a is nearly equal to 1. In the following, however, we will 
first deduce the consequences that are to be derived from th^ 
formulffi {a and b) and the other strictly correct relations, and 
i^he formulsB obtained will be simplified later on by the intro- 

duction for smaller values of ^ of the approximately correct formula 
can a =s - . 



First of all we obtain for the brake-power p with a given 
»slaok — 

p = wh- t wh (t&a I + -^) . . (3) 
'^ w \ 2 sm a/ 

and by putting s = 0, for the brake-power P without slack — 

T = w h - ^ w htaxi -^ . 
u 2 

In equation (3) the first term t^ ^ has usually greatly prepon- 
derating value, 80 that the brake-power is essentially equal to the 
weight of the cable, if it be supposed to hang perpendicularly 
from the ship ; this value is at the same time the upper limit for 
the brake-power, which is nearly reached if the ship lays the cable 
aX a high speed without slack. 

From this upper limit two terms are subtracted, which we will 

represent by P' and S, namely — 

R 2 
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8 



F = - m; A tan ";- , S = - w^ h-A- 
u *2 u Bin a 

These have very simple meanings ; they are — 



d'c is however the extent to which the cable slips down when it 
is laid without slack ; dd' is the length which is added to dc^ 
when it is laid with slack ; P is therefore the amount of the 
sliding friction in the first case, S that amount which is added 
in the second case. 

P' is at the same time, since P = t^ A - P', the amount by 
which when laying without slack the brake-power is less than the 
weight t^ A ; it can be deduced in different ways, that it is almost 
independent of the speed of the ship, except for very small values 
of the latter, and is moreover proportional to the depth A. 

The quantity S is likewise proportional to the depth, but 
besides, at least with medium and great speeds, proportional to 
the square of the ship's speed. 

In order to show the dependence of the quantities P' and S 
upon the others, and especially on the ship's speed. Dr. Frolich, 
whom I have to thank for his kind assistance in these calculations, 
has given in the following table a summary of the values P, P' c 
and By for all the usual speeds of the ship when the depth is 2,000 
fathoms, and « equal to 10 per cent, for the heavy Atlantic cable 
which Longridge and Brooks refer to, with which — 

w = 0-8208 (English pounds). 
V, = 24-201, V = 8-082 (English feet per second). 

TABLE I. 

c = 2' 4' 6' 8' lO* 12' • 15' 

P = 3617-1 8607-1 8606-0 3604-7 3604-8 8604"8 8604-4 

F= 282-5 242-5 244*6 244*8 2448 2448 246-2 

S= 84-2 95-6 198-4 842-9 5290 766-8 1173-3 
wh = 3849-6 

In order to show the important differences of the brake weight 
for a determined value of «, we give below a table of the values of 
this quantity (/?) for the depths of the Atlantic cable, when the 
slack ^ = 10 per cent. 
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TABLE 11. 

c= 2* 4' 6' 8' 10' 12* 15 1P> = 



h= SOOfkthoms 
= 1000 
=s2000 
= 8000 „ 



p= 899-7 


877-9 


851-7 


815-5 


769-0 


695-9 


607-8 


962-4 


= 1799-8 


1765-8 


1708-3 


1630-9 


1587-9 


' 1391-7 


1215-5 


1924-8 


» 8598-6 


8511-6 


8406*6 


8261-8 


8075-8 


2783-4 


2481-0 


8849-6 


= 5397-9 


5367-4 


5109-9 


4892-7 


4618-7 


4175-1 


8646-5 


5774-4 



For the angle ^, which is the direction of the actual motion of 
the cable, we have the formula — 



c 



tan(^ = — ?^ ±^, itp'^wh-p. . (4) 

-i _ p tc p ^ 

wh 

and finally for 8 the slack of the cable — 

s= P'. . -^ sina-2 8in2 ** . . . (5) 

or « = sin a . cot <^ - 2 sin^ ? . 

For comparison with the above formulso 2 to 5, we give the 
following with our letters, taken from the paper of Longridge and 
Brooks. 

Formula 2 remains the same, whilst in place of 3, 4, and 5 we 
obtain — 

instead of (3) p = wh-wh^, O^+s^qg^ 
'^ u^ sin a 

instead of (4) tan ^ = ^~- a/Z?e71^ .^_ a/ «^,^ gin «, 

wv^^ u ^ p ^ 

w k 



instead of (5) « = ~ a / V sin a - 2 sin^ ^ . 
^ c V wh 2 

The difference between these formute and ours lies in the use 
of the law of the square for the sliding friction ; bj using them 
too high a brake-weight is obtained when laying with a known 
ship^s speed and depth, and a determined slack, and, further, too 
great a slack s, when depth, speed of ship, and brake-weight are 
given, and s is reckoned from the values of these quantities. 

We now introduce the approximation obtained in formula 1, 
using it in place of formula 2, and by its means eliminate the 
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angle a, which in practice can hardly be determined from all the 
other formuto. 

In the first place, let u&i compare in the following table the 
valaes obtained by both formulae for the cable above referred to, 
with the given ship's speed : — 

TABLE III. 

c = 2' 4' 6' 8' 10' 12' 15' 

by (2) a = 68* 35' ^l** 44' 28* 46' 21* 47' 17* 80' 14* 87' 11* 44' 
by (1) a = 57* 1' 37* 37' 27* 21' 21* 4' 17* 8' 14* 24' 11* 37' 

From this comparison it follows, that for practical purposes with 
a ship's speed of more than 8 feet per second, or of about five 
nautical miles an hour, formula (1) may be considered as correct. 

At 

By putting tan. a= ^ in what follows, and setting aside magni- 

c 

tudes of the order ( - j we obtain the approximate formulsB — 

;, = «-*{!- \^--^-^\ (8') 

P-wh\^l- W },and (4') 

Formula (5') shows that the slack b is inversely proportional to 
the square of the ship's speed ; further, the first important factor 
in the expression for % is proportional to the diflference wh-pj f.«., 
to the diflference of the weight of the perpendicularly hanging 
cable and the brake-power. In laying a cable the slack a may 
vary from three causes : alteration in the depth A, in the brake- 
power je;, and again in the ship's speed c. If « is diflPerentiated 
according to these three quantities, we obtain, dividing by 5, the 
percentage alteration s with regard to the same, namely — 

p uv 
^ ^ dA- wl ~F , 
« "* A s 

p uv 
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8 c 8 

If for msfcanoe h = 2000 fathoms, p = 8261'8 pounds, c = 8 
feet, then « = 0*10 = 10 per cent. ; bat in this case — 

-^ V^ = 9-9 and -2 fl - -^^ Hi!+ !^ = _2-l. 
wh c^ \ why c^ c^ 

If now for instance, h^p and e are each increased by 10 per cent, 
of their own value, then 8 varies in the first case about + 99 per 
cent., in the second about - 99 per cent., and in the third about 
- 21 per cent, of its own value ; instead, therefore, of having 10 
per cent, slack we have 19*9, 0*1 and 7*9 per cent, respectively, 
and so it is seen that when^, hor c change the slack increases at 
a much higher rate than these magnitudes themselves, but that the 
alterations of the slack through alterations of depth and of brake 
power, are much greater than for variations of the ship's 
speed. 

An important consideration follows fix)m formula 4', namely that 
the brake power P when laying without slack, unless the speed of 
the ship be very small only depends on the depth and is pro- 
portional to it ; Table I. also shows this. But it follows that con- 
versely the depth can be determined from the brake power P. 
The following tables show how exactly this can be done with 
various speeds from 4 feet upwards. In Table lY. (p. 248) the 
brake power is calculated from the strictly correct formula — 



P= wh (l - - ta^'l)- 



Table Y. (p. 248) gives the depths calculated according to the 
approximately correct formula from these values — 



A = rP 



W 1 _ 1 ^^ 

2 u 



i,e,j P is taken as experimentally measured, and the cable constants 
UyV^w as known, and thence the depth h is determined. 
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TABLE IV. 

h <:= 4' 6' 8' 10' 12' 15' 

= 600 fathoms. P = 901*8 901-3 901 "2 901*2 901*2 901*1 

= 1000 = 1803*6 2802-5 1802*4 1802*4 1802*4 1802*2 

= 2000 =3607-1 8606*0 3604*8 3604*8 3604*8 3604*4 

= 8000 =6410*7 5407*5 6407*1 5407-2 6407*2 6406*6 



TABLE V. 

h (actual) h (calculated) 

= 500 fathoms = 5O0'3 500*1 500*0 500*0 500*0 500*0 

= 1000 =1000*7 1000*1 1000-1 1000*1 1000*1 1000*0 

= 2000 =2001*5 2000*3 2000*1 2000*0 2000*1 1999-9 

= 3000 = 3002-4 3000-4 3000*2 3000*2 3000*2 2999*9 



In general it also follows from the approximate formnla, that to 
lay a cable with a determined amount of slack, exact knowledge of 
the constants of the cables, as well as the depth and the ship's 
speed are needed. The cable constants we may consider as well 
determined before the laying ; the measurements however of the 
depth and of the ship's speed can only be imperfectly performed 
during the laying. The question now is whether there is any 
means of avoiding or removing these difficulties. 

The primary question is, whether the laying can not be effected 
without brake power. In this case we should have — 

1 V (2 u-v) 

2 ^ 

t.d., the slack only dependent on the speed of the ship and not on 
the depth. 

To lay without brake power and without slack is according to 
this formula only possible when 2 w — «; = ; therefore v = 2 «, 
i.e,, if the cable should have a great sliding friction : in this case 
however it would not be possible to lay with slack. 

If we now suppose that it is desired to lay with 10 per cent, of 
slack and without brake power, then with the heavy Atlantic cable 
above referred to, the ship's speed must be 26*4 feet, with the 
light cable referred to by Longridge {v = 1"404, u = 11'024, w 
- 0'06578) it must be 12 feet, moreover since here — 
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by reducing the specific gravity or especially by inci*easiiig the 
sliding friction, a cable might be constructed, which could be laid 
without brake power, and the regulation of the daok might take 
place solely by alteration of the ship's speed. 

If for any reason it is not feasible to alter the construction of 
the cable, use might be made of a practical method proposed by my 
brother. Dr. C. W. Siemens, namely to determine by experiment 
what brake power must be employed to obtain with the existing 
conditions the desired amount of slack. It consists in loading the 
brake, the speed of the ship being constant, until no change in the 
speed of paying out the cable takes place with a further loading of 
the brake. The load has then been found for laying without slack 
for the existing speed of the ship, and the load on the brake can 
now be easily regulated so that the desired slack may be reached. 
With a ship in considerable motion and irregularity in the speed 
of paying out due to it, and with a very irregular sea bottom, this 
method would also be ineffective. 

A previously determined slack can only be obtained with pre- 
cision, when simultaneously with the cable a rope or wire is allowed 
to run out, the coefficient u and v of which are nearly the same as 
those of the cable. If this dummy cable is then held back by a 
brake power at least so great that it is laid on the bottom of the 
sea without slack and therefore under strain then a counter applied 
to it will constitute a measure, unaffected by sea currents, of the 
exact speed of the ship over the sea bottom, and it is then only 
necessary to load the cable brake so heavily that the velocity of 
the cable as it runs out is always in the desired proportion to 
that of the dummy cable. The increased cost thus incurred would 
be quite compensated for, because the wire laid without slack does 
not measure the horizontal speed of the ship, but the length of the 
bca bottom passed over by it and therefore already takes account 
in its length of the amount of cable required to follow the in- 
equalities of the sea bottom without strain on the cable. In order 
to diminish the risk of the occuri*ence of such a strain on an un- 
even sea bed, and the formation of long catenaries of the cable, it 
is customary to lay at least from 10 to 15 per cent, of slack. By 
the saving in the length of cable paid out the cost of the dummy 
cable would be fliUy recouped. 

A submarine cable or an underground conductor can only be 
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guaranteed to have a long life, when the insulation is perfect, t.& 
when the resistance of the insulating covering is equal to that 
found by calculation from data of the specific resistance of the 
insulating materials employed. If there is a decrease of this in- 
sulating resistance, it must be assumed that a break in the 
iusulating coating has taken place in one or more places, which 
allows the water to get to the conductor. This may occur during 
the manufacture ; it however often shows itself first during laying, 
or sooner or later afterwards. Therefore both during the con- 
struction as well as during and after the laying of a cable, continu- 
ous tests of its physical properties should be carried out. If a 
fault is found to exist, it is of the greatest importance to determine 
its position, Lb. its distance from the ends, with the greatest 
possible precision. During the laying of cables it is also of im- 
portance that this determination should be carried out as quickly 
as possible, so that whilst the fault is still in the neighbourhood of 
the ship, the last laid portion of the cable with the fault in it may 
be picked up. I have abeady in the year 1850 • given the theore- 
tical basis for the determination of such faults. It consists in 
obtaining two equations by two measurements of the current and 
resistance with the help of which the unknown resistance of the 
fault may be eliminated, t.6. the resistance which is offered by the 
fault to the passage of the current to earth, and then the ratio of 
the distance of the fault from the ends of the conductor can be 
determined. The measurement of the current can either be made 
simultaneously from both ends of the insulated conductor when the 
further end can be either insulated or put to earth or they can be 
made from the one end, whilst the further end is insulated for the 
one measurement and put to earth for the other. As measurements 
of current are less exact and more difficult than those of resistance, 
us soon as I had produced a fixed \ reproducible unit of resistance, 
and had used this as a basis on which to construct accurate scales 
of resistance arranged similarly to a set of weights I converted the 
formulae for the position of faults based on current measurements 
into equivalent formulae based on resistance measurements.^ 

 Pogg. Ann. Vol. LXXIX., p. 192. 

+ Pogg. Ann. Vol. XC, p. 1 ; Vol. XCIIL, p. 91; Vol. CXX., p. 612. 

X Outline of the principles and practice involved in dealing with the 
electric conditions of submarine electric telegraphs, by Werner and C. William 
Siemens, July, 1S50. 
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If a & »/ is the insalated conducting wire, the length and 
resistance of which are known, if x and y are the distances of the 
fault from a and h^ z the resistance of the fault, the following are 
the equations which I brought out for determining the distance x 
of the fault from the end 



(8.) 



/J X ?. _!^ when both ends are in the same 

y ^ room, and w and uf represent 

the resistances of the branches 
of the bridge, when no current 
passes through the galvano- 
meter. 

^- = a/HS^I^^ when a and I are the resistances 
(2.) y 'V b (c-a) measured fh)m the two ends, 

whilst each time the distant end 
is to earth. 
aj-lj + l when a* and h are the resist- 

^ ances measured from both ends, 

whilst the distant end was 
insulated, and I represents the 
resistance of the faultless con- 
ductor. 

(4.) « =» / - ft + y C^< - ^)(} - b) when the letters, /, ft< and ft, 

having the above meaning, 
measurements were only made 
from one end of the conductor 
for the determination of the 
fault. 

As in the first case the variable magnitude of the resistance of the 
fault, as well as the polarization which occurs in a most disturbing 
way at the place of the fault do not come into consideration, 
both determining measurements are made at the same moment, 
this method where practicable gives particularly accurate determina- 
tions of the position of the fault. But the case is quite otherwise 
with those measurements, in which the ends of the wire are far 
removed from one another, as in a submerged submarine cable. 
The tiny openings, often hardly discernible with the eye through 
which the water passes to the conducting wire, present an extra- 
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ordinarily variable resistance to the passage of the current. The 
polarization also which occurs at the place of the fault is often 
very considerable and variable. The measurements which can be 
obtained by the application of the above formula are hence only 
seldom satisfactory and then only when the lault is great, %,e. has 
a low resistance. 

Lately two methods have been made known by Messrs. Clark and 
Jenkin for the determination of the position of a fault in submerged 
cables, which in great part overcome the uncertainty, inherent to 
the determination of the fault according to my old method on 
account of the variation in physical properties at the point of the 
fault. Mr. Clark insulates one end of the conductor and inserts a 
battery and a known resistance between the other end and the 
earth. By means of exactly accordant electrometers the difference 
of potential of the pole ^f the battery connected to the resistance 
and of the cable end, and simultaneously the potential of .the other 
insulated end of the conductor are measured. This last gives the 
potential of the conductor at the fault and we then get — 

P-F itv = F-j» :«, 

where w represents the inserted resistance, P and P' the measured 
potentials of its ends,^ the potential at the fault measured from 
the other end of the conductor, and x the resistance of the con- 
ductor from the station where the battery is inserted up to the 
fault, whence follows — 

^ - -p- p— • 

As it is supposed that the measurements of P, P' and p are made 
simultaneously, and either in absolute measure or with instruments 
agreeing exactly^the variation of the resistance of the place of the 
fault is actually without influence on the result. Thus the pre- 
judicial influence of the polarization of the fault is eliminated as it 
has only the efiect of increasing the potential of the fault, and 
therefore acts like an increase of the resistance of the fault. The 
difliculties of practically carrying out three simultaneous measure- 
ments at different places are however very great, and besides elec- 
trometer measurements can hardly be made with a sufficient 
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degree of exactness even with the greatest care on the part of the 
observer. 

The method published by Mr. Jenkin is based on the simul- 
taneous measurement of the current passing through the fault and 
of the potential at both ends of the conductor. For this purpose 
a battery and galvanometer are inserted between one end of the 
conductor and the earth, whilst the other end of the conductor is 
insulated. Besides both ends of the conductor are connected to 
electrometers. In the formula of Professor Jenkin — 



P+ — /irJ-Ffl ° ^* 



x= .. In 



^ % 



2 aJI ^p+ JL 3 + Yb -log- ^ Vi ^ 

in which x is the position of the faulty k the resistance of a unit 
length of the conductor, i the insulation resistance of a unit length 
of the cable, J the current through the galvanometer measured in 
absolute units, and P and F represent the potentials measured in 
absolute units at the beginning and end of the conductor, the 
loss of current through the insulated covering of the conductor is 
brought into the calculation. As in the case of small faults, the 
determination of which always causes the greatest difficulty, imper- 
fect insulation is of considerable importance, Jenkin's formula 
for the determination of faults would be of great value if it did 
not necessitate simultaneous measurements of the strength of the 
current and of two potentials in absolute measure and in different 
places, with an accuracy as regards reliability of result which make 
it but little applicable for practical use. 

It follows irom what has been said that a method of determin- 
ing faults can only give reliable results when the irregular chauge- 
able resistance and the variable polarization of the fault are 
rendered inoperative. For faults with high resistance in loug 
conductors it is necessary to take into consideration or to eliminate 
the insulation current, t.e., the current of electriiication passing 
through the whole length of the cable up to the fault. The 
method must further be capable of quick and easy application. 
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I believe I have answered these requirements by the following 
method : — 

Let A B represent the fanlty cable, F the place of the fanlt 
whose i-esistance at the moment of measurement =Z=P6 = PH. 
Let A C =: P be the measure of the potential, which is given to 
the end of the cable by a battery inserted between A and earth. 
Then H will be the fall of the current passing through the fault, 
and E F the potential at P, when the other end of the conductor 
is insulated at B. The potential at B will also be jt?, if, as is 
assumed, the covering of the cable is completely insulating right 

Fig. 31. 




up to the place of the fault P. If a straight line is now drawn 
through G and E, then D B is the measure of the potential P', 
which, when on the other hand the cable is insulated at A, gives 
to the place of the fault P the same potential p, which was 
formerly given to it by P from B. The triangles C G' E and 
D H' E are similar, whence 

P-^ : P'-|? = a: : y, 

when X and y represent the distances of the fault from both ends 
A and B of the conductor. kAx -k-y represents the known length 
of the conductor, the position of the fault is thus fully determined. 
On the supposition that resistance and polarization are the same 
on the two measurements, made one shortly after the other, they 
are without efTect on the result of the measurement. The imper- 
fect insulation through the covering of the conductor is equally 
without influence on the result of the measurement in the case 
when the fault is at or near the middle of the conductor. If, on 
the contrary, the fault is nearer one end of the conductor a correc- 
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tion can be easily applied, which compensates the influence on the 
result of the measurement with sufficient exactness for practical 
purposes. 

The carrying out of the potential measurements with sufficient 
exactness is easy if each end station possesses a sensitive mirror 
galvanometer, which can be regulated to any degree of sensitive- 
ness by means of a shunt, a resistance of some millions of units, 
and the means of being able to set up a battery of determined 
E.M.F. If Daniell cells, with zinc sulphate solution, are used for 
this battery, and care be taken that the zinc electrode consists of 
uniform material, and is well amalgamated, and that the liquids 
be exactly similar in composition, then the same number of 
such cells will have the same E.M.F. if their temperature be 
constant. If the latter be the case, and therefore any increase or 
decrease of the E.M.F. due to thermoelectric currents in conse- 
quence of the contact of metals and liquids at different tem- 
peratures be prevented, then the E.M.F. of such cells is indepen- 
dent of their temperature. It is now easy to impart equal 
sensitiveness to both galvanometers by joining up each of them, 
together with the high resistance belonging to it, and a battery of 
a predetermined number of cells in circuit, and so regulating the 
shunt of the galvanometer that its needle gives a deflection 
arranged beforehand by both stations. Inequalities in the resist- 
ance of the battery and of the galvanometer can be neglected, if, 
as is assumed, the resistances inserted are very great If the 
galvanometers, brought to an equal degree of sensitiveness, 
together with the high resistances, are inserted between the ends 
of the cable and earth, their deflection gives the potential of the 
places of contact measured in similar units. A measurable 
alteration of the potential will not be brought about by this shunt, 
if the resistance of the batteries and of the whole cable is very 
small in comparison with it. 

The carrying out of the measurements requisite for determining 
faults by this method simply consists in station A inserting a 
battery between the end of the cable and earth. When the charge 
and polarization at the fault have become constant, A and B read 
the deflections of their galvanometers, and station A thereupon 
bi'eaks the contact of the cable end with the free pole of the 
battery. Station B observes this by the decrease in the deflection 
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of his galvanometer. He then commnnicateB to station A by con- 
ventional signals the amount of deflection observed, and then 
brings the similar free pole of his battery permanently into con- 
tact with his cable end. Station A then, by a pre-arranged signal, 
gives the information whether his galvanometer is more or less 
deflected than the deflection observed at B. B now increases or 
diminishes the E.M.P. of his batteiy, until the signal comes from 
A that the deflections are equal. As a means of control A and B 
then alternately connect their batteries with the ends of the cable, 
and in this way correct the E.M.F. of their batteries, until each 
produces the same deflection at the other end of the cable. The 
alteration of the E.M.F. of the batteries can either be brought 
about by increasing or diminishing the number of cells or by the 
use of shunts. 

As is easily seen, any errors due to the conductivity of the 
insulator are fully eliminated in these methods of determining 
faults, if the damaged place lies at or near to the middle of the 
conductor. If the position of the fault is far from the middle, 
this is, however, not absolutely, but only partially, the case. 

Instead of removing, as in the above method, the injurious 
influence of the variation of the physical properties of the fault 
by making the measurements determined on almost simultaneously 
at both ends of the conductor, so that the fault may be considered 
as constant for both, this may also be attained by making the 
electric potential of the fault equal to 0. 

If to one end of an insulated cylindrical conductor is joined the 
positive pole, and to the other end the negative pole of batteries, 
the free poles of which are to earth, the potential curve cuts the 
cable in the middle, if the conductor is homogeneous and symme- 
trically insulated, and if the batteries have equal E.M.F. By 
putting in and taking out resistances between the batteries and 
the respective cable ends, this neutral place in the cable can be 
shifted at pleasure. If it is so shifted that it corresponds with 
the position of the fault, no current passes through the fault, 
which therefore is altogether without influence on the strength of 
the current at the ends of the cable and the form of the potential 
curve. 

If in the following diagram of potentials A B represent the 
cable, C E and D F equal resistances, E A and B F equal but 
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variable resistanoes, f nrther G J Z K H the fall of potential of the 
cable without fault, the potential difference G C - J E will be 
increased, and, on the contrary, the potential difference D H - F K 
diminished if there is a fault at M. If station A now increases 
its Tariable resistance E A^ and station B at the same time 
diminishes its variable resistance B F, until at both stations the 
previously measured difference of potential GO-JEi-DH-FE 
is again produced, the dotted line G' M H' represents the now 
existing &11 of potential ; and then the resistance inserted at A 
and that withdrawn at B measure the displacement of the neutral 
point in the cable, therefore also the distance of the fault from 



Fig. 82. 




the middle. If the measurement is rightly determined, the resist- 
ance inserted at the one station will equal that withdrawn at the 
other. The potential difference C G - E J corresponding to D H 
- F E can be measured as above, by the discharge of a con- 
denser, the coatings of which are connected with C and E and 
D and F respectively, or by the deflection of a delicate galvano- 
meter, the ends of the coils of which are connected by very high 
resistances with and E and D and F respectively. 

Besides the above-mentioned faults of insulation, in which it is 
assumed that the conductor itself is not injured and stretches con-^ 
tinuously from one station to the other, there are faults of other 
kinds. The conductor may be broken inside the insulating coat- 
ing, and the metallic connection thus interrupted, or the whole 
•cable may be fractured, in which case the ends of the conductor 
almost always come into conductive connection with the water. 
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la the first case the distance from the position of the fracture can 
be easily determined, by measm'ing the capacity of the Leyden jar, 
which is formed by one of the two pieces of the conductor, and 
comparison with the capacity of unit length of the conductor. 
This is effected either by reading the deflection of a mirror gal- 
^Tinometer on charging or discharging respectively, or by the 
proposal of de Sauty and Yarley, by passing the charge of the cable 
to be measured and that of the condenser serving as a comparison 
simultaneously through the same circuit, and so regulating the 
branch of a Wheatstone bridge, or of a differential galvanometer, 
with the help of frequently repeated charges that the galvanometer 
is not deflected. The proportion of the bridge branches then gives 
the proportion of the charges. 

These simple methods which are very suitable for short cables 
are not sufficiently exact when the cables are very long. In the 
first place, too much time elapses before the charge of the cable 
is complete, and, secondly, the galvanometer must be made too 
nnsensitive in order to be still able to measure the great quantity 
of electricity collected in a long cable with the necessary exactness. 
This also holds good in the use of de Sauty's differential measure- 
ment, for with too sensitive galvanometers the charging current 
of the condenser, which is much stronger at the beginning, throws 
the needle of the galvanometer over in its direction, whilst the 
slowly moving current which charges the cable moves it later in 
the opposite direction. 

The deficiencies of the means at present known can be removed 
by making use of the discharge deflection of a condenser of known 
capacity charged by a constant battery ; then using the same 
condenser as a unit jar for repeated partial discharges of the cable, 
and finally also measuring the nth discharge of this unit jar. 
Let h be the capacity of the comparison condenser if the unit 
cable length is taken as the unit of capacity ; also x the capacity 
of the whole cable for the length x. Further, let P be the poten- 
tial to which the cable and comparison condenser are charged^ 
Pi, Pg, P,, . . . P w the potentials of the cable, as well as of the 
condenser connected to it after the first, second, &c., nth dis- 
charge of the latter. Lastly, let a and a^ be the discharge deflec- 
tions of the condenser with the first or nth discharge, the following 
proportions then hold — 



^ 
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P : Pi«aj+i IX 
Pj : P,=a; + * ix 



• 



•*■ » -» 1 • ^% ^ 3? T* w • iC 

consequently P : P« = (x + A')* : af 

or yP :yPn=a; + * :a? 

>^-VPn _ * 

vp. ■" ^ 

x^ — ' V n^ 
VP-VPn^ 

or if a and a^ represent the deflections of the galvanometer 
corresponding to the charges of the comparison condenser produced 
by P and P», 

The determination of the point of fracture of a cable is much 
more difficult when, as is usually the case, the end of the fractured 
conductor is in conductive connection with the water. 

It generally happens that the fracture occurs so that the con- 
ductor and insulating covering do not break at the same point, 
consequently either a piece of the wire reaches into the water, or 
it is in conductive connection with the surrounding water only 
through the narrow tube incompletely filled with water. In the 
first case resistance measurements carefully made from land give 
sufficiently accurate results. Besides the variable polarization of 
the place of the fault, there is also another very troublesome 
circumstance that almost uninterrupted so-called earth-currents 
pass through the conductors in greater or less quantity. Also 
when aurorffi boreales do not make their appearance at night, 
currents which are to be ascribed to terrestrial and cosmical causes 
are often produced in cables, both ends of which are in conductive 
connection with the water, these may have an E. M. F. equal to 
that of six to eight Daniell cells. I have been able to compensate 
the disadvantageous influence of these earth-currents on the 

B 2 



f 
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measnrements, by giving to the bridge branch of the cable a shnnt 
circnit with variable resistance and sufficient E. M. F., and making 
the resistance so great that the earth-currents would be quite 
neutralized. This maj be known by the galvanometer in connec- 
tion with the bridge showing no current. I will refer on a future 
occasion to the numerous observatiouB of earth-currents made in 
this way. But even if the disturbances of the resistance measure- 
ments by earth-currents can be removed in the manner described, 
a certain result is never attained, for only the total resistance of 
the cable and fiault is obtained by this means, and the amount of 
the latter is not known. Frequently this surface resistance between 
the cable and the water is much greater than that of the cable 
itself which has to be measured. 

The only means which can be used for obtaining a second 
equation with cables, of which the second end is not accessible so 



Fig. 88. 




as by its means to eliminate the sur&ce resistance, is by measuring 
the electrostatic capacity of the piece of cable. 

Let A B be a length I of cable, the end B of which lies 
uninsulated in the water ; B D = 2; the surface resistance between 
conductor and water expressed in units of Z ; C A « t^ the resist- 
ance of the galvanometer, by which the discharge is measured ; 
A E » P, the potential which is given to the terminal point A of the 
cable by a battery placed between A and the earth ; then A B F £ 
represents the charge of the cable.* At the distance x from A, 
Lhe ordinate y represents the existing potential If now the 
quantity of electricity which has become stationary in the cable 
after the charge has been completed, and which corresponds to the 
charged surface A E G B, be represented by Q : — 

• Pogg. Ann. Vol. LXXIX., p. 490. 



WERNER VON SIEMENS. l6l 



and 






The quantity of electricity a? . &j = iQ when both ends C 
and D of the conductor are in connection with the earth, and the 
electromotive force P which produces the charge is removed at A, 
will flow towards both sides. Let ^Q, represent the part of dQ 
which passes to earth through A and C, whilst JQ^ represents the 
part passing through B and D to earth. These quantities must 
vary inversely as the resistances through which they flow. We 
get therefore — 

rfQ, : rfQ. -J + 2 Xix + iff, 
or in 

As now further 

y : P«?-a? + z :l + z^ 



therefore 



and so 



T> / + z-x 



(i + z - xy 



or 



o 

If one places in this equation the value a ^ I + z found by 
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makiDg a resistance measniement at the same time aa the charge 
of the cable, there is obtained for the value of the return charge — 



Q,-P . ""'-^ 



and thence 



3 {to + a)a 



z^ </fl3,3Q,(t( ; + a)g 



Or as P Z = 2 Q is the amount of the charge of the whole of the 
insulated faultless cable, consequently P is to be put equal to the 
amount of the charge q of the unit of insulated cabl( 



z s. \/cfi - -, 3 (w + a) a. 

q 

AbI ^ a - is known from the measurement of resistance 
made simultaneously, the length of the fractured cable I will also 
be given in this way. 

If the surface resistance z =* 0, consequently also a ^ I, there 
follows from the above equation for x — 

^? = 8Q.,Q,= '3?=.^J5 

which means : that if a charged cable, the further end of which is 
in connection with the earth without resistance, is connected to 
the earth ; f of the charge of the cable goes back to the charging 
station, whilst \ goes to the earth at the further end. 

Naturally, between the removal of the battery and the insertion 
of the galvanometer connected to earth, no time must be lost, as 
otherwise during the insulation of the charged end, an important 
part of the electricity goes to earth through the other end, and 
the measured recharge therefore comes out too low. If the charge 
of connection is, however, so arranged that it is effected instan- 
taneously, as Helmholtz already did in the year 1851, the method 
gives very conformable and exact results with conductors that are 
not too long. If the conductors to be experimented upon are very 
long, the retardation of the current in consequence of the charge 
introduces a disturbing element. The above formula therefore 
i*equires a correction in this case for the retardation of the current, 
the enunciation of which I have so far failed to discover. 
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ON THE INFLUENCE OF LIGHT ON THE CONDUC- 
TIVITY OF CRYSTALLINE SELENIUM.* 

I have further investigated the property of crystalline selenium 
first described by Willoughby Smith, and mdre closely studied by 
Sale^t of conducting electricity better in light than in darkness, 
and have proved the correctness of the statement. The specific 
conductivity of selenium rendered crystalline by heating it to 100** 
or 150' C. is, however, very slight and exceedingly variable, and 
the increase of its conductivity under the influence of light is 
very irregular, so that it was impossible to discover a definite 
dependence of conductivity on illumination. By continuously 
heating amorphous selenium up to the temperature of 210° C, as 
well as by cooling the molten selenium to the temperature of 210', 
by long continuance at which temperature the selenium passes 
into a coarse grained state, I succeeded however in producing 
another modification of crystalline selenium having considerably 
higher conductivity which continues permanent, and conducting 
electricity metallically, so that the conductivity diminishes with 
increase of temperature. The action of light on this modification 
of crystalline selenium is also much greater, and apparently quite 
constant. By placing two flat spirals of wire about 1"^"* apart, 
between two plates of mica, and running in molten coarse grained 
selenium, I have succeeded in producing a very sensitive photo- 
meter. Dark heat rays have no direct influence on its conduc- 
tivity, and heating the selenium diminishes it. Diffused daylight 
already doubles its conductivity, and direct sunlight raises it in 
some cases more than ten times. The increase of the conductivity 
of coarse grained selenium when exposed to light is particularly 
rapid. Its decrease on exclusion of light is apparently instan- 
taneous, though some time elapses before the condition corre- 
sponding to darkness is again fully re-established. The increase 
of conductivity is not proportional to the intensity of the light, 
but is a function of it which increases nearly in the ratio of the 
square root of the intensity of the light. 

* Monthly Report of the Berlin Academy of Sciences of 13 May, 1875. 
t Proc. of Roy. Soc. Vol. XXI., p. 283; Pogg. Ann. Vol. CL., p. 333. 
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I propose making a more detailed communication to the Academy 
on this interesting property of selenium after the completion of my 
experiments, and now only remark that I hope to be able to employ 
it in the construction of a reliable photometer. 



MEASUREMENT OF THE VELOCITY OF TRANSMISSION 
OF ELECTRICITY IN SUSPENDED WIRES.* 

The continual frosty weather of last winter, and the friendly 
assistance of the management of the Lower Silesian Railway, and 
especially of its telegraph inspector, Mr. Wehrhahn, rendered it 
possible for me to carry out the proposal already made by me in 
the year 1845 1 for the direct measurement of the velocity of pro- 
pagation of electricity. Unfortunately the coming on of damp 
weather during the experiments hindered their completion, yet the 
results akeady arrived at appear important enough to be brought 
forward prior to the completion of the work. 

The method employed in this instance differs in some essential 
points from my earlier attempt. In this latter two steel cylinders 
rotating uniformly and insulated from one another and from the 
ground, were necessary for making the measurement, and two 
twin conductors were required, one of which was connected with 
both cylinders, the other with two insulated points which were 
placed in close proximity to the periphery of the cylinder. On 
discharging a Leyden jar between one point and the end of the 
wire belonging to it, the discharge current must pass through the 
whole circuit and leave a mark of the spark on the surface of each 
of the two steel cylinders. The difference between the distances 
of the marks produced during the rotation of the cylinders, from 
those produced in the same way when the cylinders were motionless, 
was the measure of the time the electricity required to pass over 
one-half the circuit. 

Many difficulties stood in the way of carrying out this plan. 
There was first of all the difficulty of arranging four thoroughly 

* Monthly Report of the Berlin Academy of Sciences of 6 Dec, 1875. 
t Pogg. Ann. Vol. LXVI., p. 436. 
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well-insalated conductors of equal length starting from the same 
point, but the principal difiSculty was the mechanical one of 
setting up steel cylinders perfectly insulated from the earth and 
from one another, so light and so perfectly balanced that the 
necessary Telocity of 100 to 1 50 revolutions per second could be 
given to them. I therefore arranged another method in which 
only one uninsulated cylinder and only one twin wire was 
required. 

It consists in arranging two Leyden jars or condensers, the 
inner coating of one of which was connected directly by a short 
wire, and that of the other by the long conducting circuit, with 
the point standing nearly opposite to the rotating cylinder con- 
nected with the earth. The outer insulated coatings of the jars 
are in metallic connection. If they are connected with earth the 
electricity of the interior coatings of both jars becomes free at 
the same moment, and discharges itself through the point and 
the rotating cylinder to earth. If the rotation is excessively 
quick, and the circuit long enough, two marks will be found on 
the cylinder separated by an interval, the distance between which 
is the measure of the time which the electricity required for 
passing through the circuit from the jar to the point. 

I also modified the arrangement so that instead of one point I 
placed two of them opposite to the surface of the cylinder, and 
connected one point directly with the one jar, the other through 
the conductor with the other jar. The points were placed as nearly 
as possible opposite to one another so that the simultaneous marks 
produced when the cylinders were at rest lay quite dose together, 
and as far as possible in one plane parallel with the axis. A dis- 
charge of the jar was first made with the cylinder at rest^ and 
then the discharge Eerving for the measurement was made with 
the cylinder rotating. The apparatus itself was the same as I 
used for the measurement of the velocity of motion of cannon or 
gun shots, which I have described elsewhere. The steel cylinder 
is turned from a massive steel cylinder so as to be as light as 
possible. Its diameter is 40^"' and its height 10°^°^. Its steel 
axle is provided with a screw into which the teeth of a spur 
wheel gear. This is uniformly rotated by means of wheel-work 
driven by a weight. The velocity of rotation of the cylinder 
may be varied at will between wide limits by means of a regula* 
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tor already described elsewhere. The spur wheel, provided with 
100 teeth, carries a little projection, by means of which after 
each revelation a light hammer is raised, which strikes a little 
bell. When the regulator is so set that the strokes of the bell 
agree exactly with l^e ticks of a seconds* pendnlom, the cylinder 
rotates exactly 100 times in a second. Opposite to the surface of 
the cylinder is a small microscope fitted with a cross wire, which 
serves for reading the angular distance of the marks of the spark. 

When at rest the movement of a lever can bring an endless 
screw with a milled head into gear with the cylinder, by means of 
which the latter can be slowly revolved until the cross wire of the 
microscope passes through the middle of the mark of the spark. 
In this way the millionth of a second can be exactly read, and the 
10 millionth estimated. 

The conducting point opposite to the surface of the cylinder 
consists of a thin glass tube into which a very fine platinum wire 
is fused. After this glass tube has been encased in a metal tube 
with screw threads, and its end opposite to the cylinder has been 
carefully ground to the form of a hemisphere, it is screwed as 
nearly as possible up to the surface of the rotating cylinder. 

The glass covering which surrounds the platinum wire up to its 
extremity serves to prevent sparks from striking across sideways. 
Very weak sparks leave on a polished steel surface a single bright 
gleaming point, stronger ones a bundle of sparks, on the middle 
of which the cross-line must be placed. For the purpose of 
finding the spark marks more easily, the cylinder before use is 
covered in the usual way with a sootrfilm. In this way the very 
weakest sparks, hardly visible to the naked eye, are surrounded 
with a distinct annular circle, which makes it possible to bring it 
easily into the field of view of the microscope. Instead of the 
Leyden jar I made use as a rule of condensers of tin-covered 
leaves of mica. These were carefully melted into a mass of rosin, 
and were thus able to retain the charges employed for a long time 
without noticeable loss. They were provided with a commutator 
by means of which they could be simultaneously charged by a 
Holz machine, while insulated from the point (or the two points, 
when two of them were used), and then at the last moment before 
the experiment the coverings previously connected with earth 
could be connected with the point or the respective points, whilst 
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the other conductively connected coverings ended in a wire insu- 
lated with gutta-percha. The discharge was brought about by a 
knife in conductive connection with the earth, being driven by 
means of a powerful hammer through the insulation of the 
wire, and so a short but as far as possible resistanceless connection 
was made between the connected coveriugs and the earth. In 
this way it was possible to remove altogether from the cylinder 
the faulty discharge marks, caused by the slow discharge of the 
condenser, which were at first very troublesome. 

With the apparatus so arranged, a series of experiments were 
first carried out in the laboratory. It was proved that the dis- 
charge of a jar in a discharging circuit of slight resistance occurs 
so quickly that the bundle of marks produced on the rotating 
cylinder was not very different from that on the cylinder at rest. 
Individual spark marks which occur almost always irregularly on 
the surface of the cylinder are evidently to be ascribed to the so- 
oalled residual charge of the condenser. The phenomenon is 
different when the discharge takes place through very great 
resistances. In this case a continuous series of spark marks is 
formed on the cylinder, never however a continuous line, which 
would correspond to an electric current lasting fpr a measure- 
able time. It must not however be concluded from this, that 
the total discharge consists also in this case of a series of 
partial discharges of immeasurably short duration. If, on the 
contrary, one considers the discharge as consistiug of a con- 
tinuous current of diminishing strength, and the sparks conse- 
quently as persistent electric arcs, this appearance of a series 
of separated spark marks may be explained. 

By the rotation of the cylinder the layers of air nearest its 
surface are carried along, and more perfectly the nearer the air 
layer is to the surface of the rotating cylinder. If it is now 
assumed that the commencement of the discbarge has broken 
through the air layer between the point and the cylinder, and 
being carried round with it, has thereby created a good con- 
ducting and incandescent channel between the point and the 
cylinder, then this channel is carried on by the rotation. If 
subsequently a more permanent passage of electricity takes place 
from the i>oint, the channel becomes continually lengthened by 
this, as it presents in spite of the greater length a less resist- 
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ance to the electricity than the nninterrapted cold air, which 
is interpolated between the point and the wall of the cylinder. If 
this discharging passage has already reached a certain length, its 
resistance becomes greater than that of the cold air between the 
point and the cylinder, a new rapture occors, and with it the for- 
mation of anew spark mark and discharge channel. 

The discharge of a jar through an india-inibber tube filled with 
water or through a wet string, gave as it appeared a series of fine 
spark marks encircling the whole cylinder several times ; no loss 
of time in beginning the discharge was however noticed. At it 
appeared probable to me from many causes, and especially in con- 
sequence of the results obtained by Fizeau and Gonnelle that the 
velocity of electricity must be proportional to the specific con- 
ductivity of the material, I repeated this experiment with an 
india-rubber tube 100ft. long and 20™"* bore, which was filled 
with a solution of sulphate of zinc. To my great surprise no 
dificrence could be found in the time between the direct discharge 
marks and the first partial discharge through the tube of liquid 
100ft. long. As a difference of the 5 millionth of a second could 
be easily observed, it follows that the velocity with which elec- 
tricity passes through liquids must exceed 800 geographical miles 
per second. 

As the conductivity of copper is at least 200 million times 
greater than that of the sulphate of zinc solution, the velocity of 
electricity in copper must be at least 160,000,000,000 miles if the 
specific conductivity were synonymous with the velocity of elec- 
tricity. 

It can hardly be assumed that electrolytic conductors can con- 
duct electricity quicker than metallic conductors of equal conduc- 
tivity ; the contrary is more likely, for it must be assumed, that 
molecular motion occurs in electrolytic conduction. 

The question had now to be decided by means of experiments 
carried out with longer telegraph conductors, whether to electricity 
like light is to be ascribed a determined measurable velocity ; or 
whether the retardation values measured by difierent observers 
are to be ascribed altogether or in great part to the retardation of 
the appearance of the current at the distant end of the conductor 
through the inductive charging of the wire. To this end the 
experiments should be carried out shortly after one another with 
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wires of the greatesb possible difference in length, and the in- 
ductive capacities of these lengths of wire measured each time. 

The first experiments were made on the 28rd of February of this 
year in Eopenick, whither Dr. Frolich who, with his usual care and 
ability, carried out the following measurements there, as well as 
later in Sagan, had already gone with the apparatus. 

First it was proved by a series of experiments that the insulation 
of the conductor sufBced, with the prevailing clement frosty weather, 
to conduct the discharge sparks through the whole telegraph con- 
ductor of 5™™ thick iron wire leading to Eckner distant 12*68 
kilometres and back to the rotating cylinder. 

The experiments were made with two points, %,e. the one smaller 
jar was discharged directly through the one point and the second 
considerably greater jar through the conductor and the other 
point. Seven discharges were made. The readings taken on the 
following day gave — 

122-8 

111-7 

125-3 

142-7 

117-6 

121-8 

184-3 



or as a mean 125*2 millionths of a second. 

As the length of the conductor there and back amounted to 
2 X 12*68 — 25*36 kilometres, this gives a velocity of 202600 
kilometres or 27,300 geographical miles per second. It was 
remarked that the direct discharging sparks of the little jar passing 
through the one point, always formed a small bundle of spark 
marks snrrounded by a large concentric circle, from inside of which 
the soot was flung away, whilst by the second point a series of 
smaller sparks was produced, which were surrounded with no ring 
or only a very slight one. 

Often also a slight point was visible in line with the last point, 
exactly opposite to the local discharging mark. This was either in 
consequence of a back or side discharge from the cylinder to the 
neighbouring point, or more likely an induction taking place 



J 
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between the part lying next to the cylinder of the out and return 
condactors fastened on the same poles. In general, the local dis- 
charge was much stronger than necessary, which brought this 
disadvantage with it, that the first point of the line discharge fell 
frequently in the circle of the local discharge, and was therefore 
difficult to find out. 

Owing to the occurrence of a thaw in which the insulation of 
telegraph lines is not sufficientfor conducting frictional electricity, 
the further experiments intended were hindered for a long time. 
When the frost set in again later, the double line passing from 
Sagan station to Malmitz, and to a signal station lying between 
Sagan and Malmitz, were placed at our disposal by Mr. Wehrhahn, 
— Dr. Frolich who repaired to Sagan with the apparatus, succeeded 
in making two valuable series of observations. They were made 
partly with two^ partly with one point. In these experiments the 
double point always made its appearance, and Dr. Frdlich satisfied 
himself by a series of test experiments that this double or rather 
initial point had a local cause, and could not be due to electricity 
which had to pass through the whole conductor. The line dis- 
charges here produced a tolerably long tail of 6 to 8 points, whose 
distance from one another amounted at first to about 30 and at 
last ir> to 20 millionths of a second, and after it frequently followed 
a short line without distinct points. This harmonized very well 
with the previous explanation of the appearance of discharging 
points with continuous discharge. The stronger the discharging 
current the longer is the discharging channel on the periphery of 
the rotating cylinder and the wider the points must be separated 
from one another. When the discharge is nearly ended the strengtli 
of the current and the evolution of heat is so slight, that no 
further discharging channel can be formed, the series of points 
consequently changes into a feeble line. 

The double line from Sagan to Malmitz, 11*68G kilometres 
distant^ was first used. The readings of 22 discharges gave — 



100-i 


88-7 


108-7 


104-2 


1027 


108-6 


lOM 


104-2 


91-2 


95-6 


108-3 


107-3 


100-8 


97-5 


102-0 


110-8 


100-6 


100-5 


104-2 




91-4 


104-7 


102-6 
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or an ayei*age of 101*4 millionths of a second. As the distance 
traversed was 2 x 11-086 kilometres =• 28-872 kilometres, the 
Telocity was 280500 kilometres « 81,060 geographical miles. 

The doable line from Sagan to the signal station, 8*676 kilo- 
metres long, was then inserted and gave with 12 discharges — 



89-4 


23-0 


41-9 


25-9 


27-8 


80-5 


270 


22-1 


36-6 


28-9 


28-4 


84-8 



or an averap^e of 80*4 mUlionths of a second. This gives a velocity 
of 241800 kilometres s 82,590 geographical miles. 

A subsequent series of 18 discharges with one point, of which 
Dr. Frolich places less dependence, because the regulation of the 
clockwork was less carefully carried out, gave — 



87-8 


78-2 


80-8 


76-4 


96-3 


96-3 


84-5 


93-1 


93-5 


98-2 


85-5 


101-2 
117-9 



on the average 91*1 millionths of a second, consequently a velocity 
of 256600 kilometres or 34,580 geographical miles. 

If these measurements do not agree to the extent which is to be 
expected from the method employed, and which will be gained by 
a repetition of the experiment under favourable circumstances, 
yet they show that the motion of electricity in conductors takes 
place with a determined velocity independent of the length of the 
conductor, which in iron wires lies between 80,000 and 85,000 
miles a second. In consequence of the results obtained with the 
india-rubber tube, before these experiments were made, I was in- 
clined to the view, that the actual velocity of electricity is im- 
measurably gi'eat, and that the retardations found by Wheat- 
stone, Fizeau, and others were altogether caused by the inductive 
action of overhead wires. 

If that were so, then the Sagan-Malmitx line — which is nearly 



272 THE SCIENTIFIC PAPERS, ETC, OF 

three times as long as that from Sagan to the block-house— con- 
ductor must have given a retardation nearly 9 times greater, whilst 
the velocity resulting fix)m the experiments made under like con- 
ditions with double points were as 31 : 32-G. Tet putting aside 
these numbers, which contradict the law of squares of retardations, 
the retardation is much too great to admit of explanation by delays 
through induction. The inductive capacity of both conductors was 
measured by Dr. Frolich with the continuous commutator accord- 
ing to the method used by me for ascertaining the charging law.* 
The measurement gave 

For Sagan Malmitz — 

Microfandi 

Galvanometer in the charging circuit . . . 0181 
„ „ discharging „ . . . 0'120 

as a mean 0*1505 

Far Sagan Block-Jiotise — 

Galvanometer in the charging circuit • . • 0*066 

„ discharging „ ... 0*061 



» 



as a mean 0*0685 

whence results on the average an electrostatic capacity of the over- 
head 5"^"^ wire of 0*058 microfarads per mile. 

As nnit of capacity the microfarad has been chosen, which is used 
in submarine cable work, and is derived from Weber's absolute nnit 
of electric quantity. 

For the direct comparison of the measured values of retardation 
with those which must follow as a consequence of the charging of 
the wires, the retardation measurements which Dr. Obach made in 
my laboratory with the help of an artificial cable, i,e. a series of 
82 condensers of about 20 microfarads, which were connected 
together through resistances of 550 units each, will serve. 

The measurements were made with my exceedingly sensitive 
electrodynamic relay, free from iron, and a chemical writing tele- 
graph with a double needle. 

 Pogg. Ann. Vol. CII. p. 66. 
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1. 82 divisions of the cable box weie inserted. They represented 
a resistance of 17,600 mercnry units = W and a capacity of 639*6 
mircrofarads = C. This gave a retardation of 0*72 second, and 
therefore 0*0640 second per million of the prodqct of resistance and 
capacity (W x C). 

2. 24 divisions inserted — 

"W =a 13200 mercnry units 
C = 488-9 microfarads 

gave a retardation of 0*45 second 

or 0*0715 per million. 

3. 16 divisions inserted — 

W = 8800 mercury units 
C = 319*6 microfarads 

gave a retardation of 0*22 second 

or 0*078 per million. 

These give on the average a retardation for 1 million of 0*0712 
second. 
The Sagan-Malmitz conductor and back had, according to Dr. 

Frolich's measurements — 

a capacity C = 0*151 microfarads 
a resistance W = 189*0 mercury units 
and consequently W x C = 28*5 

hence a retardation of 2*0 millionths of a second could be obtained 
mth the inductive charge, assuming the law of squares, whilst it 
could only amount to 0*3 millionth of a second with the Sagan 
Block-house line. 

If one also takes into consideration that these times of retarda- 
tion must have been considerably greater than with the cable 
measurements, as it takes a longer time for the electric potential 
of the spark producing points to be great enough for the spark to 
spring over to the cylinder, then it is evident that the retardation 
measured for instance on the Sagan Block-house section of 30*4 
millionths of a second must have some other cause than the in- 
ductive retardation reckoned at 0*3 millionth of a second. 

VOL. T. T 
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I hope in the conise of this winter to find an opportunity not 
only of repeating the above experiments nnder better conditions 
and with better apparatus, but of extending them to a copper con- 
ductor, 60 as to determine by direct measurement the question 
whether the velocity of electricity depends on the nature of the 
metallic conductor or not. From the experiments made with the 
india-rubber tubes filled with the sulphate of zinc solution, the 
latter appears to me to be likely. Eirchhoff has calculated on the 
basis of Weber's fundamental law for the motion of electricity, the 
number 41,000 miles for the velocity of electricity in conductors, 
and has thus come to the conclusion that this velocity must be 
alike in all conductors. Our measurements approximate at least 
more closely to Eirchhoff's value than to that of Wheatstone 
estimated at 61,900 geographical miles from the lagging behind 
of the middle spark. 

Fizeau and Gounelle have found with the help of their diffe- 
rential method of measurement for galvanic currents in tel^raph 
wires for copper 177,792 kilometres, for iron 101,701 kilometres, 
being for iron only about half as great a velocity as our measure- 
ments have given. 

Walker, Mitchell and Gould on American telegraph lines have 
obtained even still smaller velocities, with electromagnet registering 
apparatus, the last only 12,851 English miles. No great weight 
is to be placed on these measurements, as the inertia of electro- 
magnetic instruments is too great and irregular for the measure- 
ments of such small intervals of time. The measurements of 
Fizeau and Gounelle appear of much greater importance. They 
have not made any allowance for the retarding influence of the 
charge to which I first drew attention after their expenment was 
made, and in the description of their experiments the necessary 
data are wanting to enable us to calculate as a correction the charge 
of retardation. If however the retardation of the charge due to the 
comparatively great lengths of their conductor (about 800 kilo- 
metres) be a thousand times greater than in my experiments, it 
does not suffice to explain the difference. I therefore think that 
the difference in the velocity of electricity in iron and copper found 
by Fizeau, is not yet to be regarded as confirmed. 
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ON THE DEPENDENCE OP THE ELECTRIC CONDUC- 
TIVITT OF SELENIUM ON LIGHT AND HEAT * 

Selenium, which waa discovered by BerzeliuB in 1817, is, like 
tellorinm, on the boundary between metals and metalloids, and 
possesses the physical as well as the chemical properties of both 
classes of bodies. 

The physical properties of selenium are specially treated of by 
Hittorf t in his communication on the allotropy of selenium. He 
found that it melts at 217" C. ; that it remains fluid when cooled 
far below its melting point ; that when rapidly cooled still further 
it solidifies, without giving up its latent heat of fusion, to a glassy 
amorphous mass of a somewhat greenish appearance, which does 
not conduct electricity, and has a specific gravity of 4*27G. If this 
amorphous selenium is again heated, it begins to change at 80'' C. 
It has a white metallic appearance, a fine grained crystalline 
fracture ; its specific gravity increases to 4*796, and thereby dis- 
engages so much heat that often a large quantity of it is heated 
to the melting point. In this crystalline state it conducts elec- 
tricity like carbon, tellurium, and the electrolytes, whilst its 
conductivity increases with increasing temperature. Near its 
melting point the conductivity is very great compared with that 
at atmospheric temperature. If the melting point is exceeded, its 
conductivity diminishes considerably with the giving up of its 
latent heat ; but it still conducts electricity in the melted state. 

Owing to the observation made by Superintendent May, of the 
Yalentia Cable Station, that the conductivity of selenium is 
increased by illumination, an obseiTation published by Willoughby 
Smith, and afterwards confirmed and more closely inquired into 
by Lieutenant Sale, the attention of physicists is at present very 
much directed to selenium. 

Sale found that light of all colours increased the condactivity 
of selenium ; that the dark actinic rays of the spectrum exercised 
no influence upon it ; and that from this point the light effect 

• Monthly Report of the Berlin Academy of Sciences of 17 Feb., 1876. 
t Pogg. Ann. Vol. LXXXIV., p. 214. 
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increased to the red ; that it diminiBhed at the nltra red, and that 
the effect of the dark heat rays lying beyond is but small. 

I have confirmed these results of Sale's in a preliminary com- 
munication brought before the Academy in May of last year. 
I succeeded, by heating amorphous selenium for many hours 
continuously to a temperature of from 200* to 210®, in produc- 
ing a modification, which, at the temperature of the atmosphere, 
conducts twenty to thirty-nine times as well as, and is correspond- 
ingly more affected by, light than the selenium made crystalline 
by heating from 100° to 150''. This modification has the further 
property of conducting electricity like metals, t.^., so that the 
conductivity diminishes with increasing temperature^ I further 
found that the light does not affect the whole substance of the 
selenium, but is essentially a surface action. Led so far, I 
succeeded, by melting selenium in between the spaces of two 
flat spirals of wire coiled within each other, in producing a 
preparation extremely sensitive to light, which I employed for 
the construction of a selenium photometer. Lastly, I proved 
that the increase of conductivity of selenium on exposure to 
light is approximately proportional to the square root of the 
intensity of the light.* 

Professor W. G. Adams has contemporaneously with myself, been 
investigating the action of light on selenium. He found, con- 
trary to Hittorf, that the conductivity of his pieces of selenium 
(about the production of which he gives no information) dimi- 
nished with increasing temperature, thus showing a similar 
behaviour to what I produced by exposing selenium to a continuous 
heat of 200'' C. He also found that the resistance of selenium 
measured by a Eirchhoff-Wheatstone bridge was the less the greater 
the number of cells in the battery employed for the measurement. 
Adams leaves it undetermined whether the action of light on 
selenium consists in a change of its surface or whether a polariza- 
tion current was produced by illumination of the selenium, which 
opposed the current to be measured, and so increased its con- 
ductivity. He seeks to explain in the same way the reduction 
of the resistance of the selenium when stronger batteries are used. 
But here he has evidently fallen into an error, for such an oppos- 

 Pi-oc. Roy. Soc. Vol. XXIII., p. 535, June, 1875. 
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ing current produced by light or by the current must have had 
the opposite effect. Light would have to dimmish the conduc- 
tivity, and by the use of stronger batteries a greater resistance 
would have to be observed. 

I next set to work to discover whether other bodies had the 
very remarkable property of selenium, of becoming better con- 
ductors under the influence of light. These attempts were, how- 
ever, entirely without result. I thought I had discovered an 
analogous action in tellurium, but I was soon satisfied that the 
slight increase of conductivity observed was to be ascribed to the 
heating of the tellurium by light and heat rays. As I had conse- 
quently to assume that it was no question here of a general pro- 
perty of light, but of an abnormal action of the selenium, I resolved 
to study more closely the relation of this body to heat and to the 
galvanic current, in the hope of thus obtaining information for 
explaining the action of light npon it. I first repeated Hittorf s 
experiment with my instruments, which were better suited for 
measuring galvanic currents* 

As glass, and even porcelain, conduct electricity at high tem- 
peratures, I made use of a piece of steatite, which is a perfect 
insulator even at a red heat, to produce a thick walled crucible, 
which could contain six grammes of selenium. A thermometer 
reached through the well-closed steatite cover right into the 
middle of the hollow of the crucible. The side of the crucible 
about 10*"™ thick, was bored through at about half its height, and 
the two holes closed with an exactly fitting cylinder of gas-coke, 
which projected both inwards and outwards. After the crucible 
was filled with melted selenium and then quickly cooled, so that it 
was filled with amorphous selenium, the outer ends of the gas-coke 
cylinders were connected with the well-insulated conducting wires 
of my very sensitive reflecting galvanometer, with a dead-beat bell 
magnet and a Daniell cell inserted in the circuit, after I had 
convinced myself that, even when a battery of 100 cells was in- 
serted, no current passed through the amorphous selenium. The' 
crucible so prepared was now quickly inmiersed in a large vessel 
of paraffin at a temperature of 280"" C, and maintained d^jring 
the experiment as exactly as possible at this temperature, and the 
temperature of the selenium in the crucible, as well as the deflec- 
tions of the mirror, simultaneously and continuously observed and 
noted. Owing to the high resistance of selenium, in consequence 
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of which the resistance of the selenium between the carbon points 
even at high temperatures is always very great in comparison with 
that of the galvanometer, the deflections of the mirror can, without 
essential error, be considered as proportional to the conductivity 
of the selenium. 

The results of this experiment are shown in Fig. 34. The 
curve marked A gives the temperature of the selenium, the curve 
B the strength of the current or the conductivity of the selenium, 
whilst curve C represents the calculated curve, according to which 
the temperature must have increased in the inner vessel, if no 
spontaneous alteration in the temperature of the selenium occurred. 
The axis of abscissas represents the time elapsed since the immer- 
sion, the axis of ordinates simultaneously the temperature of the 
selenium in curve A, and its conductivity in curve B. 

It follows from an examination of these curves that about 2| 
minutes elapsed before an increase in the temperature of the 
selenium became apparent After a lapse of five minutes it has 
reached 80% without deviating from the normal curve. Then it 
quickly passes above the normal curve, and continues considerably 
above it until the melting begins at 217°. 

The maximum elevation of temperature of the selenium above 
that of the normal current takes place at about 170% when it 
amounts to about 18% From this point it again approaches the 
curve, cuts it at 215'*, then maintains a pretty constant tempera- 
ture for about fifteen minutes, again approaches the normal curve, 
at first quickly, then more slowly, without quite reaching it. This 
behaviour agrees with Hittorf's observation that amorphous 
selenium begins to change into crystalline at about 80% and then 
parts altogether, or for the most part, with its latent heat. At 
about 170" this evolution of heat reaches its maximum, and the 
temperature of the selenium then increases more slowly than that 
of the normal curve. At 217° the selenium begins to melt, and 
heat is again absorbed by it, whence it happens that its tempera- 
ture remains constant for about twenty minutes. It then again 
approaches the normal curve, at first quickly, then slowly, without 
quite reaching it. 

During these changes in the temperature of the selenium very 
important changes in its conductivity are to be noted, as are 
represented by curve B. Five minutes after the immersion of the 
crucible, and therefore at a temperature of 80% the seleninm was 
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quite non-conductive. After ten minutes, when the temperature 
of the selenium was 162% the deflection of the needle was 870 
divisions of the scale ; after another five minutes^ at the tempera- 
ture of the selenium of 200"*, it was 152 ; and after another five 
minutes, at the temperature of 215° of the selenium, only 120 
divisions of the scale. Daring the melting of the selenium now 
taking place the deflection fell to 70, then increased again with 
increasing . temperature of the melted selenium, at first more 
quickly, and then more slowly, to 300. A limit of the rising of 
the conductivity could not be here observed after an interval of 
140 minutes from the immersion of the crucible, although the 
temperature of the selenium remained constant after a lapse of 
sixty minutes. 

The value of the figures in this series of experiments is only 
relative, as the thermometer bulb, being enclosed in the solidified 
selenium which conducts heat badly, must always have shown too 
low values with a temperature rising through the eficct of heat 
from without ; while, on the contrary, on the evolution of internal 
heat it could show higher temperatures than that of the selenium 
in proximity to the wall of the crucible, which was in con- 
tact with the carbon cylinders. They fully proved, however, 
Hittorrs observations, according to which amorphous selenium at 
about 80** C. begins to alter into crystalline selenium, then disen- 
gages a considerable quantity of heat, and becomes a conductor of 
electricity. It farther proves Hittorf's statement that the con- 
ductivity of crystalline selenium increases with the temperature 
in increasing progression, and that it considerably diminishes 
with the taking up of the latent heat of fusion at constant 
temperature. 

It further follows from these experiments that the conductivity 
of melted selenium increases with increase of temperature. I found 
from another series of experiments, in which a similar steatite 
crucible was heated directly by a flame, that the conductivity of 
melted selenium increases continually up to the temperature of 
350% at which a considerable evaporation occurred. A surprising 
phenomenon is that both ^vith solid and molten selenium the 
conductivity diminishes with the duration of the heating, so 
that it conducts much better with quicker heating to a determined 
temperature than by slower heating to the same temperature; and, 
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farther, that a rapid reduction of the condactivity is equally 
brought about bypassing a continuous current through the heated 
selenium, as if a polarization took place opposing the passage of 
the current. For these reasons no closely agreeing numerical 
values could be derived from the numerous measurements of the 
temperature, and of the conductivity corresponding to it. As an 
instructive example of these experiments a diagram of curves is 
given in Figure 85, which brings into view pretty clearly the depend- 
ence of conductivity on temperature with many hours' continuous 
slow heating and cooling. The selenium contained in the steatite 
crucible was first made amorphous by cooling, then heated to 150^, 
and maintained many hours at this temperature, when it was slowly 
cooled. It must therefore have been crystalline selenium which 
had already given up its latent heat. Curve A shows the increase 
of conductivity with the increase of temperature indicated on the 
axis of abscissae. The measurements were so made that by means 
of a Morse key a Daniell cell was maintained in a closed circuit 
formed of the selenium, the gas coke, and galvanometer wire until 
the deflection of the needle became a maximum. As the galvano- 
meter was perfectly dead-beat this maximum deviation agreed 
perfectly with the continuous deflection. By freeing the key the 
Daniell cell was cut out of circuit This method possessed the 
advantage, that simultaneously with the measurement of the 
current a measurement of the polarization sometimes occurring 
could be made. If, for instance, by bringing a directing magnet 
at a suitable distance below the magnet of the galvanometer, the 
directive force of the latter is made so great that a point is 
reached, but not exceeded, where the needle is perfectly dead-beat, 
as is the case with my galvanometer without a directing magnet, the 
mirror returns exactly to its zero position without diverging beyond 
it, both under the influence of the return current as well as when 
the current was broken. But if polarization is present so that a 
return current flows through the windings of the galvanometer 
during the return of the mirror, this current has an accelerating 
efiect upon the magnet and brings it back beyond the zero 
position. The amount of this overstepping of the zero is a 
measure of the strength of the polarization. The polarization 
measurements mentioned below are carried out in this way when 
it is not stated that they are made with the continuous commu- 
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Fig. 37. 
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tator or without simultaneous current measurement from the zero 
position. 

As follows from the appearance of the curve A A', the conduc- 
tivity increases with increasing temperature in quicker progression. 
The first measurement at 50° gave 15 ; at 100% 78 ; at 150% 290; 
afc 200% 927. The bath was maintained at this temperature for 
fifteen minutes. The conductivity then sank to 819, and only 
rose again to 923 after further heating to 203\ On the tempera- 
ture being again kept constant for fifty minutes, the conductivity 
sank again to 815. With the cooling which now commenced ifc 
was at 200% 789 ; at 150% 267 ; at 130% 170, when the experiment 
had to be stopped. On the following day the experiment was 
repeated in the same way and gave similar curves, the curve A 
showing rising and curve A' falling temperatures. Dr. Frolich 
has sought to arrive at an empirical formula for the dependence 
of the conductivity on the temperature. Carve B is drawn from 
the formula found by him, ^az., A: = C + a «"', or in figures k = 

- 17 + 8-48 (1-025)'. As C = — -, it follows that the conduc- 
tivity at v«7 low t^nperatnr. iJ- 

di " "^ 
that is, that increase of conductivity h' is proportional to k' 
itself. 

The experiments described were carried out with electrodes of 
gas-coke in order to be certain that no combination of the melted 
or highly heated selenium took place with them. But after I had 
satisfied myself that neither platinum nor iron are acted upon by 
solid selenium, I employed for my further experiments the much 
more convenient spiral or grating of wire previously described, 
the spaces between which were fiUed with selenium. 

I was most anxious to obtain a basis for the explanation of the 
important fact that amorphous selenium heated for a long time to 
200* to 210'', so completely changes its physical properties that its 
conductivity at usual temperatures is thirty to fifty times greater 
than that of selenium made crystalline by heating to 100** to 150°, 
and then dimimshes with increasing temperature, whilst that of 
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the latter increases. It appeared likely to me that this change 
must be intimately connected with the phenomenon that the con- 
dactivity of selenium diminishes at higher temperatores with the 
time of heating. 

Two wire gratings with ten parallel wires 0*04"^ thick, at a 
distance apart of V°^y about 12"^ in area, were filled with amor- 
phous selenium between two mica-plates about 0*7™" apart. They 
were so arranged that the prolongation of the two grating wires 
projected from the paraffin bath in which they dipped, and could 
easUy be connected with the galvanometer. The paraffin bath 
was then heated rapidly up to 200** C. Up to the temperature of 
lOO** G. no current was observable between the two gratings with 
a batteiy of six cells. Then both began to conduct, and at ISO*" 
the current of a single Daniell could only be measured with the 
help of a shunt added to the galvanometer, which reduced its 
sensitiveness to -sV^h. At 200*" the current of both gratings 
reached its maximum. Orating No. 1 had the conductivity 2,720 ; 
grating No. 2, 2,120. The temperature was now kept constant 
for four hours at 200'. After the first hour the conductivity of 
the first was reduced to 1,240 ; that of the second to 940. After 
the second hour the conductivity was respectively 1,090 and 820, 
and after the fourth 1,000 and 800. No. 2 was now suddenly 
cooled by dipping in cold petroleum, whilst No. 1 was cooled 
slowly, and during this time the conductivity was measured from 
time to time. The conductivity of the latter was at 180^ 
1,020 ; at 150% 2,460 ; at 180% 5,780 ; at 120, 8,820. At 100% 
the mirror left the scale, and it required a greater shunt to the 
galvanometer which further reduced its sensitiveness. The con- 
ductivity was now at 100°, 17,020 ; at 80% 21,280 ; and then 
slowly diminished. As the paraffin became solid at 60"*, its 
temperature diminished very slowly from this point. When 
perfectly cool on another day its conductivity was only 6,190. 

Grating No. 1 cooled quickly in cold petroleum from the 
temperature of 200° had a conductivity of 16,460 after cooling, 
and went back continuously, at first quickly, and then slowly. 
After an hour and a half it was 14,830, and next day 7,710. 

It follows from these experiments that amorphous selenium 
heated to 200** for some time underwent a change by which 
its conductivity at this temperature was reduced to about ^ of its 
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original amount. li has then the property of metals, that the 
condnctivity increases with diminishing temperature, whilst that 
of crystalline selenium, which was not heated for a long time, 
diminishes rapidly with diminishing temperature. 

On being quickly cooled to atmospheric temperature the 
selenium conducts about sixteen times better than at the tempera- 
ture of 200"*. But it does not retain this high conductivity 
permanently. It diminishes again by degrees, and only approaches 
a constant value after the lapse of many days. 

If the heating of the selenium to 200" to 210" is continued 
until the conductivity is not reduced any further, the increase of 
the conductivity recommences with cooling. If this limit was not 
reached, the conductivity diminishes at first with continued cooling, 
and then approaches a turning point, after which it again increases. 
The height of this turning point depends on the duration of the 
heating, and the reduction of the conductivity so produced. If 
the heating continues only a short time, the character of the 
selenium is not thereby altered; its conductivity continues to 
diminish with reduction of temperature like the unchanged 
crystalline selenium. 

The grating with which this latter was proved was dipped for 
eight minutes in a paraffin bath at 205% and then quickly cooled 
by means of a current of air after being taken from the bath. Its 
conductivity fell during this time from 100, which it had 15 
seconds after immersion, to 39. 

Its conductivity fell quickly to 5 with cooling, and then rose 
again to 87. After being again heated for a quarter of an hour, the 
conductivity fell after cooling from 182, which it had already 
assumed in the paraffin bath at 212% to 50, and then rose to 200. 
It did not, however, maintain this high conductivity, but sank by 
degrees to a low value. 

It must here be observed that the remarkable behaviour of 
selenium which has been described of assuming the character 
of metallic conductors, by continued heating to 200", was only 
observed when amorphous selenium was heated directly to 200". 
If first heated for a long time to 100", and thereby completely 
changed into simple crystalline selenium, on further continuous 
heating to 200", the change did not occur at all or to a much smaller 
degree. Selenium, which has passed directly from the fluid condition 
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to the cryBtaUine, which happens when seleniom is melted and then 
keptyeiy long at a temperature of 200"* to 210*", is not metallically 
conductive as I formerly assumed, but behaves like crystalline 
selenium which has been changed at lower temperatures. This 
crystallization from the fluid condition takes place very slowly. 
A glass tube 6"" wide, which was filled to \ of its length with 
selenium, was sealed and heated in a paraffin bath for an hour to 
the temperature of 230*. The temperature of the bath was then 
reduced to 205% and with the help of a mechanical heat regulator 
uninterruptedly maintained for 24 hours at a temperature varying 
from 205'' to 208°. On taking out the tube, the selenium in it 
appeared to have become quite solid. But when it was broken, 
after being quickly cooled, it showed that only the upper part of 
the mass was roughly crystalline, whilst the lower portion, about 
•J-th of the whole mass^ still existed as amorphous selenium. The 
lower portion of the bath in which the tube was placed upright, 
had probably become somewhat warmer than the upper, and so 
the crystallization had begun from above. The mass of the 
crystalline selenium was bubbly ; it was perhaps owing to this that 
on opening the tube there was a strong smell of seleniuretted 
hydrogen. The selenium as well as the glass tube were quite 
air-tight, but no special precautions were taken to exclude 
steam. 

From this rod of crystalline selenium a cylinder was cut, and 
this was held between two metal plates covered with a layer of 
copper amalgam. The resistance of this selenium cylinder, dis- 
tinguished in the following table by A, was measured as well as 
that of another similar one of crystalline selenium, produced by 
heating amorphous selenium to lOO*" C. marked B, and of a third 
produced by heating amorphous selenium to 200° for 10 hours 
marked C, and the specific conductivity of their mass at 15** C, 
that of mercury being taken as the unit. These numbers have 
only a slight title to exactness as the individual determinations, 
especially of 0, vary considerably. 



A (Mod. 1II.X 



CondQctivity go^OOOmill. 



B (Mod. I.). 



1 
1-4 bill. 



C (Mod. IT.). 



4,000 mill. 
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In tiie following is always represented : — 

Mod. I. Seleniam treated like Cylinder B. 

C. 
A. 



Mod. II. 
Mod. III. 
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99 



A very remarkable property of crystalline Belenium of Mod. II. is 
that observed by Adams^ that its conductivity increases with the 
E. M. F. of the battery used for its measurement. In the experi- 
ments of the following table selenium grating of Mod. II. wps 
used, which had been modified by heating for a long time at 205*". 
The grating was immersed in petroleum, which was maintained at 
the constant temperature of 1*3*" C by being surrounded with 
melting ice. 



No. of Elements . 


1 

98 

98 






196 

196 




3 

298 

294 

4 


4 
400 
392 

8 


5 

507 
490 

17 


6 
615 

588 

27 


7 

726 
686 

40 


8 

838 
784 
54 


9 

950 

882 

68 


1 

98 


Deflection of Mirror . 


Calculated 98 n . 


Diflference , . . 



As the grating not much over 0'5™"* thick, with the two mica 
plates between which it was laid, was surrounded with petroleum 
of constant temperature, the measurements could not be very 
much influenced through heating by the current. As the con- 
ductivity of selenium modification II. is diminished by heating, 
the measured values with a greater number of cells might \ erhaps 
have come out too low. With higher temperatures the increase 
of conductivity with increasing E. M. F. is somewhat lower. 
When the same grating was maintained at IS** one obtained :— 



No. of Element!! . 


1 

113 
113 




2 

228 
226 

2 


3 
343 
339 

4 


4 

459 

452 

7 


5 

678 
565 

13 


6 

698 

678 

20 


7 

818 
791 

27 


8 
938 
904 
34 


Deflection of Mirror . ' 


Calculated . 


Difieronce . . . 
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The absolute values of both series of experiments are not com- 
pa;rable, as the conductivity of the grating had changed on the 
following day and the galvanometer shunt was different. It 
hence appears that this peculiarity of selenium disappears more 
and more on approaching its neutral point, which with this grating 
lies between 80° and 40". With selenium of modification I. which 
is not heated above 150** this phenomenon can only be established 
with very slight E. M. F. If heating and changing the conduc- 
tivity with continuous currents are avoided the conductivity when 
1 to 15 cells were used remains almost unchanged. As Adams*a 
rod of selenium had the properties of modification II. probably 
because it was changed accidentally by very high temperature 
from amorphous selenium it is evident that he held the increase of 
conductivity with the employment of greater E. M. F. to be a 
general property of crystalline selenium. 

The constancy of the E. M. F. of the cells employed, which 
both in these experiments and the later ones, were the constant 
Daniell batteries known as pulp cells, was proved before the ex- 
periments were made. 

The fact has already been emphasized that the galvanic current 
alters the conductivity of selenium. This alteration always occurs 
in the same direction as if it was heated by the current. A con- 
tinuous current therefore increases the conductivity of modifica- 
tion I. and diminishes that of modification 11. But if the heating 
of the mass of selenium were the cause of the variation the 
variation must be proportional to the square of the strength of 
the current, and it must be much less when the gratings are main- 
tained by their surroundings at a constant temperature. This is 
not however the case. The experiments were made with similar 
gratings of which one was modification I., the other modification 
11. Their results are graphically represented in figure 36. Both 
gratings were in petroleum at atmospheric temperature. Modifi- 
cation I. was continuously connected with the galvanometer wire 
through 12, modification II. through 8 Daniell cells. The axis 
of abscissae gives the time in minutes of closing the current 
through the grating, the axis of ordinates the observed deflections 
of the mirror of which the position of rest was continually con- 
trolled. Curve A gives the conductivity of the grating of 
modification I., which was observed here as in the other curves 
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at each 5' yariation of temperature. As is clear, the conduc- 
tivity continually increases, at first quickly, but after a time 
more slowly, so that it appears to approach a constant value 
asymptotically. 

The experiments represented in curves B and C are made with 
the gratings of modification II. and 8 cells, and in the series of 
experiments B the grating was kept in air of constant temperature, 
whilst in the series of experiments of curve C, which was carried 
out on the following day, it was immersed in petroleum of nearly 
the same temperature. As the E. M. F. of the battery employed 
was only \ of that with which the series of experiments of curve A 
was carried out, the ordinates of the first must be multiplied by 4, 
in order to be comparable with those of the last. 

It follows from these curves that the conductivity continually 
diminishes, at first quickly and then slowly. The selenium nearly 
recovers its original conductivity a long time after the current 
ceases. If the heating of the mass of the selenium by the current 
was the cause of the reduction of the conductivity, there ought to 
have been a considerable difference between the curves B and C. 

If the direction of the current through the selenium is reversed, 
after its conductivity is considerably reduced by the current, very 
different phenomena are observed and difiicult to be determined 
beforehand, which appear to depend partly on the more or less 
complete change of the selenium in modifications I. or II., partly 
on the time which has elapsed since the change. Many gratings 
are only slightly affected by the current and do not manifest the 
least polarization, even when they are tested with a rapidly 
acting commutator. With others polarization appeared when the 
strength of the current exceeded a certain limit, and lastly with 
others it appeared with even a quite slight E. M. F. With these 
usually recently prepared gratings, the conductivity sinks by degrees 
with continuation of the current down to quite a small amount. 
If the direction of the current is now changed no polarization 
deflection is observed ; the first deflection of the mirror is not 
greater than it was before the change ; it soon begins to increase, 
however, and the current may in a few minutes reach a thousand 
times its first value. After passing the maximum the deflection 
diminishes again, and returns, if the current is kept on longer, 
slowly to its first slight value. It appeared at first, as if one had 
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to do here with Peltier effects called forth by the cnrrent by 
beating and cooling the touching sarfaces between the seleniom 
and the wires of the grating ; in this way however the gradual 
increase of the current after the return is not to be explained* 
But one must remember the peculiar phenomenon described by 
Hittorf which he observed with sulphuret of copper. These are 
also to be observed with faulty submarine cables, when insulated 
with vulcanized india-rubber or gutta-percha, further with so-called 
unipolar conductors, such as soap, &c., and are here to be accounted 
for by an electrolytic change of these bodies at the place of con- 
tact and its neighbourhood. 

The behaviour of the selenium is quite special, when a change 
of temperature occurs. As soon as its temperature varies, 
selenium immediately assumes a conductivity dependent on this 
temperature, which is greater with increasing temperature when it 
belongs to modification I. and less when to modification II. This 
conductivity is not however maintained. With modification II. 
it falls after every change of temperature whether this happened 
to be a rise or a fall of temperature, and approaches a limiting value 
at first quickly and afterwards slowly. The lower the temperature 
communicated to the selenium lies below the changing point, the 
greater is the conductivity it immediately assumes, the quicker 
and greater also is its diminution. If later on it is again brought 
to the higher temperature it gradually assumes the conductivity 
belonging to it, but if the difference of tempi^rature was consider- 
able, it does not again reach it fully. If the selenium has been 
long at the lower temperature and its conductivity has sunk to a 
minimum, the peculiar phenomenon may occur of a rise in tem- 
perature bringing about at the first instance a rise of conductivity 
with modification IL, when the conductivity at the lower tem- 
perature had sunk below that belonging to the higher temperature. 
If the minimum has been reached for this temperature, this falls 
again lower than the minimum which happened at the lower 
temperature. 

Very great cooling, a reduction of temperature to — 15* for 
instance, appears quite to destroy the metallic property of modifi- 
cation IL, or at least lowers the changing point below atmospheric 
temperature, so that after such a cooling a grating of modification 
II. shows the properties of modification I. 
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With gratings of modification I. these properties are more con- 
stant. The conductiyitj changes with increase as well as decrease 
of temperature, at first quickly then more slowly directly to the 
amount corresponding to the temperature. 

There is a phenomenon still to be noticed, that is frequently 
met with in experiments with selenium, and caused very serious 
disturbances in mine until I happened to discover the cause of it, 
or at least to establish the conditions under which it occurred. 
Whilst as a rule, at least with old selenium gratings, in which the 
above described polarization no longer takes place, it does not 
matter as regards measuring the resistance in which direction the 
current is sent through the selenium, it sometimes happens that the 
measure of the resistance with one direction of the current is 
greater — sometimes even double as great — ^as with the other. It 
now appears that this ]*emarkable phenomenon occurs when the 
surfaces of contact between the selenium and the leading wires are 
of very unequal size. When for experiments on light I had pro- 
vided both sides of a selenium plate of modification II. about ^^^ 
thick, with a frame of platinum wire 0*08">"* thick which on one 
side of the plate were 1™"* and on the other ^"™ apart, the con- 
ductivity of the plate showed itself to be about twice as great, 
when the battery was inserted between the two wire gratings, so 
that the copper pole was connected to the side grating consisting 
of 10 parallel wires, the zinc pole with the narrow grating of 20 
wires, ^™^ distance apart, as with the inverse arrangement. 

With two double gratings prepared as nearly as possible alike 
of the kinds described as A and B, the conductivities of the 
specified arrangements were— 





Copper Pole to the 
10 Wire Gmtlng. 


Copper Pole to the 
20 wire Grating. 

244 
192 


Batlo. 


Double grating A . 
Double grating B . . 


490 
282 


0-49 
0-67 



It hence appears as if the resistance of the selenium was here 
quite dependent on the magnitude of the positive anode. The 
phenomenon observed earlier with equally large conductive plates 
is hence explained simply by both not being in equal internal con- 
ductive connection with the selenium mass. Polarization did not 

occur in all these cases. 

V 2 
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This phenomenon has not occurred with modification I., and 
that much larger grained and better conducting selenium crystal- 
lized from liquid selenium which we have called modification III. 

From the experiments described it is evident that crystalline 
selenium difiPers essentially in its behaviour as regards heat and 
electricity from other simple bodies. Tellurium and carbon have 
equally with it the irregular property of conducting electricity 
better at higher temperatures, whereas all the other simple bodies 
conducting electricity, is. the metals, conduct better at lower 
temperatures. Selenium however does not possess this property 
at all temperatures, but loses it by continual heating to 200*" C, and 
then acts as regards electricity just like a metal, i.d. its conductivity 
increases with cooling. This metallic condition of amorphous 
selenium transformed at higher temperatures to the crystalline 
condition is however not stable. It slowly transforms itself with 
and after the cooling into the non-metallic but electrically con- 
ducting selenium, becoming crystalline at lower temperature, until 
the residue remains dissolved, the amount of which depends on the 
temperature to which it was cooled. As selenium is a simple body, 
it cannot be merely chemical combinations or changes which bring 
about these different conditions, but we are easily led to the as- 
sumption, that there is a third allotropic condition, which solid 
selenium takes by continued heating to 200" C, a condition which 
is only stable at this temperature, and at lower temperatures is only 
protected from more complete destruction and transformation into 
electrolytically conducting selenium by its being dissolved in it or 
combined with it. The occurrence of a critical point is thus ex- 
plained, on passing which the metallike condition is converted 
into one having an electrolytic character ; as well as its decrease 
with time and with a fall of temperature. This view is supported 
by many other phenomena and analogies. 

It has been pointed out by Amdsen,* and frequently proved 
since, that the conductivity of a pure and solid metal rises in an 
almost direct line from the absolute zero of temperature until it 
nearly reaches its melting point, or otherwise expressed, the specific 
resistance of a pure solid metal is equivalent to the absolute quantity 
of heat the metal contains. Simple metals in the solid condition can* 

 Pogg. Ann., Vol. CIV., p. 1 and Vol. CV. p. 148. 
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not possess latent heat, and it is not improbable that it is just in this 
that the condition of metallic conduction is to be sought. It has 
been shown by Matthiessen * for potassium and sodium, and by 
me t directly for tin and indirectly for copper, silver and zinc, that 
with the taking up of the latent heat of fusion, a sudden increase 
of conductive resistance takes place. This increase begins already 
to a slight extent before the temperature of fusion, and continues 
after the beginning of the liquid state, which may perhaps be 
explained by a melting already begun and not yet completed. 
According to my previous experiments which are graphically given 
in Fig. 37 for tin, the increase of resistance of tin after taking up 
the latent heat of fusion would correspond somewhat to that called 
forth by a rise of temperature of about 511** 0. Rudberg % gives 
the latent heat of fusion of tin at 13*814, Person § at 14*25. If 
one assumes the specific heat of tin to be 0*051, the absolute 
quantity of heat in tin near its melting point amounts to about 
25*3 units, not taking into consideration the alteration of specific 
heat near the melting point, and the quantity of heat depending 
on the melting, a rise of temperature of only 259*" should take place. 
According to this, as regards tin, latent and free heat do not in- 
crease the conductive resistance equally, but the influence of latent 
is nearly twice as great as that of sensible heat. 

If according to this we cannot be allowed to extend Arndsen^s 
proposition, that the conductive resistance of pure metals in general, 
therefore also in the heated condition, is equivalent to the absolute 
quantity of beat, there yet remains the most characteristic circum- 
stance as regards metals, that their conductive resistance increases 
both with temperature and the latent heat they take up. This 
also occurs with alloys. That the resistance of the so-called 
chemical alloys is greater than that of the separate metals from 
which they are formed is proved by their giving up latent heat on 
solidifying as Eudberg || and others have shown. 

By assuming the above definition for metals, selenium and 
tellurium, and especially other simple bodies such as carbon, which 
conduct electricity without decomposition, but whose resistance 

• Pogg. Ann., Vol. C, p. 177. 
t Pogg. Ann., Vol. CLXXXIX., p. 99. 
% Pogg. Ann., Vol. XIX., p. 133. 
§ Pogg. Ann., Vol. CXLVl., p. 300. 
II Pogg. Ann., Vol. CXXI., p. 460. 
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diminisheB with rising temperature, cannot be reckoned among 
them. As selenium however after long heating to 200% conducts 
metallicallj at this temperature, it must in this condition be con- 
sidered as a metal. The change which occurs, as under similar 
circumstances with phosphorus, can onlj be sought in a giving up 
of latent heat. It must therefore be assumed that selenium both 
in the crystalline and amorphous condition is an allotropic modifi- 
cation of the metallic, «.«., selenium free from latent heat, and 
that it differs from the true metals essentially in that, they only 
take up latent heat in changing their aggregate condition, but the 
first also at all temperatures below 200°. 

. It m^y also be supposed that tellurium and carbon change simi- 
larly. Perhaps later experiments will show, that all the simple 
bodies which do not conduct electricity are allotropic modifications 
of their simple radicals, not capable of existing by themselves, i.B. 
maintain their latent heat in the solid condition and are on this 
account, like amorphous selenium, non-conductors of electricity. 

It is not however quite distinctly shown by this theory, how it 
is that the bodies, standing on the border between metals and 
metalloids such as selenium, tellurium and carbon, conduct 
better with increasing temperature, although the sums of the con- 
tained heat are greater. As however with selenium, the force 
with which it holds the latent heat taken up in the solid condition 
evidently diminishes with rising temperature, for it begins to give 
up part of it already at 80% and the rest at 200**, one can assume 
that the electric current overcomes the resistance opposed to it 
through the latent heat all the easier the smaller this force and 
consequently the higher the temperature.* 

* The staLement that a force exists in bodies by which thoy retain specific 
heat more or less, is only to betaken figuratively/ According toUie mechanical 
theory of heat, the phenomenon that bodies take or give up lieat at certain 
temperatures, whether connected or not with alteration in their state of aggre- 
gation or density, can only be imagined, when the elements of the bodies have 
an altered position to one another, to bring about which more or less internal 
work is expended in the negative or positive direction, which then shows itself 
as appearing or disappearing free heat. To these different molecular condi- 
tions a certain stability must be ascribed, diminishing with increasing tern- 
perature. If the temperature is reached at which the condition is no longer 
stable, a new position of equilibrium of the body's elements occurs, which is 
stable again between certain limits of temperature. The metallic condition of 
a solid TOdy would, therefore, be that in bringing about which no force is con- 
sumed, a condition which is only stable with metals, and which enables them 
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Now to explain from this point of view the pecnliar and contra- 
dictory phenomena, which were observed especially with modifi- 
cation II., which according to it is to be considered as a solution 
of metallic in crystalline selenium, one must assume that an 
essential part of the resistance of the selenium ha8 its seat at the 
boundary layers of the Burfaces of contact and that these layers 
are altered electrolytically by the electric current. This alteration 
may consist sometimes in the metallic selenium being separated 
from the crystalline, and thereby temporarily or permanently 
destroyed, and changed into crystalline or amorphous. By reversal 
of the current by temperature and by time which all operate a 
gradual change of this slightly stable condition, a reproduction 
or other transformation can be brought about, by which the con- 
ductivity again alters. 

An exact examination and definition of the special causes of 
these phenomena require experiments much more detailed and 
tedious than it has been possible for me to make. They have at 
least been brought together in a sort of causal dependence, and 
a basis has thus been found for an explanation of the obscure phe- 
nomenon, that the conductivity of selenium increases with light, 
a phenomenon which gave rise to this paper, and will form the 
subject of its continuation. 

In conclusion I have to thank Dr. Frolich and Dr. Obach for 
their valuable assistance in making the numerous and often diffi- 
cult experiments, of which only the smallest part could be included 
above. 

to conduct electricity, and in such a manner that the resistance to conductivity 
is proportional to the absolute temperature. 

Electrolytic conduction would then be explained by electricity in its passage 
causing the metaUic molecular condition, which can be effected so mucn more 
easily and perfectly, the less stable tlie molecular condition and the higher the 
temperature. As melted metals still conduct electricity metallically, it must 
be assumed that with the melting the metallic character of the sides of the 
elements of the bodies in juxtaposition is not lost, as is the case with the alio- 
tropic modification without alteration of its aggregate condition. 
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ON THE DEPENDENCE OP THE ELECTRIC CON- 
DUCTIVITY OP SELENIUM ON LIGHT AND 
HEAT* 

On the 17th Februaiy, 1876, 1 communicated to the Academy 
the first part of this inquiry, which was limited to a description 
of the alterations, which selenium experiences under the influence 
of heat and of the electric current. As I did not succeed in dis- 
covering in other bodies, the influence of light on the electric 
conductivity of selenium previously described by others as well as 
myself, I was obliged to consider this phenomenon as closely 
connected with the special properties of selenium, and a searching 
inquiry into it appeared to me to be the only way to obtain an 
explanation of this remarkable action of light. 

Unfortunately my engagements in other business have so &r 
made it impossible for me to complete the experiments on the 
influence of light on selenium which had at that time been in 
great part made. 

In the meantime a work by Dr. Richard Bornstein of Heidel- 
berg has appeared under the title ^* On the Influence of Light on 
the Electrical Resistance of Metals/' which calls in question the 
foundation of my work, in that Dr. Bornstein undertakes to prove 
that the increase of the conductivity of metal with light is not 
restricted to selenium, but takes place with tellurium, platinum, 
gold and silver, and probably all other metals. 

In my experiments on the influence of light upon other metals 
I always endeavoured to obtain the greatest possible sensibility by 
the choice of methods and instruments, and had started from 
the same principle as Bornstein, viz., to make the illuminated 
surfaces as large as possible in proportion to the thickness ; but I 
was always led to the conclusion that any increase of conductivity 
must stand in a certain ratio to the specific conductivity of the 
metal concerned. Since selenium of the form described by me as 
modification II., in which it not only conducts electricity best, but 
is at the same time most sensitive to light, conducts about 240,000 

* Monthly Report of the Berlin Academy of Sciences of 7 June, 187/ . 
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million times worse than silver, the increase in the condactivity of 
a thin piece of metal mnst be easily discoyerable with slightly 
sensitive instmments, if the increase of conductivity of the 
illuminated surface of the metal was dependent on its specific 
conductivity. 

The matter, however, stands otherwise, if it is assumed that by 
the action of light on the outer surface of the metal, a conducting 
layer is produced, the conductivity of which does not stand in any 
direct relation to the specific conductivity of the illuminated metal 
itself, and therefore probably does not conduct better with good 
conducting metals than that produced on the surface of the 
selenium. As the conductivity of the developed conducting layer 
can only be measured, as an increase of the conductivity of the 
illuminated metal and a limit is put to the reduction of its thick- 
ness by the necessary cohesion of the metal plate, with good 
conducting metals the limit of the difference which can be no 
longer perceived with the most sensitive instruments is soon 
reached. A selenium plate, such, for instance, as used by me in 
my experiments and in the selenium photometer consists of eleven 
parallel wires, 0*1"™ thick, 10°^" in length, and 1"™ distance 
apart, and has thus a resistance of about one million mercury 
units. The selenium can therefore be supposed to be replaced 
by a mercury layer connecting the parallel wires conductively of 
the thickness x given by the formula 

1000000 =-i- . -^-- . ^- 
100 1000 X 

or, 

I 1 

^ " 100000 millions lO^^ "^^• 

With an illumination which doubles the conductivity of the 
selenium plate, the developed conducting illuminated layer may 
be replaced by a layer of mercury of similar thickness. 

The gold leaf used by Dr. Bornstein in his experiments in 
which he found by the bridge method an increase of conductivity 
of O'OOOl, had a resistance of three mercury units, a length of 
24mm and a breadth of 9"»°. Hence if the gold leaf is replaced by 
a layer of mercury of the thickness of y, we have for y 

o 24^^^, 89 
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If the conductivity of the gold leaf incieased 0*0001 upon 

iUamination, as Dr. Bornstein found, the illuminated layer 

hereby developed must correspond to a layer of mercury of 0*0001 

89 
of this thickness and therefore of jTrgmm. ; the illuminating effect 

was therefore about 8,900 times as great as with selenium if it is 
assumed that the illumination used by Dr. Bornstein would have 
doubled the conductivity of the selenium plate. In order to 
explain the action of light on selenium by an illuminated layer 
similar for all metals, the conductivity of the Bornstein gold 
leaf need be increased by only ^V millionth of its value, an 
amount which cannot be determined experimentally. Tellurium 
is the most likely metal to afford evidence on this point since its 
conductivity is only 0*00042 that of gold, if one could succeed 
in producing tellurium in as thin conducting layers as gold 
leaf. 

The grounds on which I refused the hypothesis of a conducting 
illuminated layer as making its appearance in all metals, do not 
therefore depend on the negative results of my efforts to show the 
sensitiveness to light of other bodies than selenium, but essentially 
on the sensitiveness to light of selenium being in a high degree 
dependent on its purity and molecular condition. The least ad- 
mixture with other metals reduces its sensitiveness to light in a 
very great degree. When I added only a half per cent of silver 
to the selenium used for the selenium plates, no further sensitive- 
ness whatever to light was perceptible. By too strong an action 
of light, by great cooling or heating, the sensitiveness to light is 
influenced in a high degree, even when no essential alteration 
occurs in the conductivity of the preparation itself. All this 
would only be explicable with difficulty, if a conducting surface 
was produced on the upper surface of the selenium by the action 
of the light, which was independent of the conductor lying under 
it. The origin of such an illuminating conducting layer, could 
only be explained in general by the assumption that the gases 
condensed on the upper surface of the metal were so modified 
chemically by the action of the light that they become conductive, 
and that with the discontinuance of the illumination a re- 
aggregation into the non-conducting condition would take place. 
But in that case a layer of selenium firmly attached to glass or 
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mica by fusion, most show hardly any or a still smaller sensitive- 
ness to light than one exposed to air ; this is not however the 
case, as is testified by the construction of my selenium preparations 
sensitive to light, melted between mica plates. 

Whilst however I was strengthened by these reflections in the 
opinion, that sensitiveness to light is a specific property of certain 
selenium modifications and is not shown by other bodies, it yet 
appeared to me not impossible that more sensitive methods and 
instruments than I employed, might show a sensitiveness to light 
in other metals. Experiment could alone decide this. 

In Dr. Bomstein*s work, besides some erroneous statements 

regarding my inquiry — to which I shall refer later — some of his 

results appeared to me very astounding. For instance, he observes 

a somewhat greater increase in the conductivity of a platinum wire 

19 
of 0'00022""' thickness than with a gold leaf of i qamqqa ^^' 

thickness, although the proportion of the projection of the 
illuminated surface to the section of the metal in the two cases was 
as 2348 : 1. If this were right, the layer sensitive to light must 
conduct 2,000 times better with platinum than with gold, which 
at all events does not appear likely. Equally surprising is the 
enormous difference of the sensitiveness to light which is given by 
measurement with the bridge method and with Weber's damping 
method. Whilst the bridge measurement gave an increase in con- 
ductivity of about 0*01 percent., the damping method gave under 
similar circumstances an increase of conductivity of from 3 to 
5 per cent., which was therefore in this case from 800 times to 
500 times as great as in the first. Dr. Bomstein supposed that 
this great difference in the results of his measurements was due to 
the currents generated in the windings of the wire by the swing- 
ing magnet having been much feebler than those of the Leclanch6 
cells with which he made the bridge measurements, and he founded 
on this the statement '^ that the diminution of the conductivity 
produced by the electric current (which he described as electric 
after effects) was accompanied with a diminution of sensitiveness 
to light." What were the electromotive forces generated in the 
windings by the swinging magnet must remain uncertain, for no 
calculation is practicable as the data given by Dr. Bomstein 
are not complete enough. Anyhow, so great a dependence of the 
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action of light on the strength of the cnrrent is opposed to the 
experience gained with seleninm. 

If Dr. Bomstein's view were correct that the direct com- 
parison of the resistance gave nndoubtedlj a so much smaller 
result than the measurement of the resistance by means of the 
damping method, because the action of the light was concealed or 
diminished bj the heating of the illuminated thin metal plates by 
the current and by the simultaneous diminution of the sensitiveness 
to light, then at all events direct resistance measurements with very 
little E. M. F. must have given similar results to those obtained 
by the damping method. I therefore placed my galvanometer with 
deadbeat swinging bell magnets, and scale at 8 metres distance, 
with which the earlier experiments were carried out by a galvano- 
meter with an astatic pair of two little bell magnets, which were 
fastened to an aluminium wire at a distance of about 100^°^. 
Each magnet was in the centre of a coil with approximately 445 
convolutions of wire 1°^™ thick of 1*84 units resistance. At the 
upper end of the aluminium wire was fastened a Steinheil's light 
mirror of 9"™ diameter which was protected from air currents by a 
casing with windows. Any desired directive force could be given 
to the magnet system by means of a rotatable bar magnet fixed at a 
given distance below the magnets which also served to fix the 
zero at the middle of the scale 1 metre long with millimetre divi- 
sions placed at eight metres distance as before. This specially 
delicate galvanometer was connected up to a bridge the four branches 
of which, the metal plate to be tested being one, were made aa 
nearly as possible alike, and as little different as possible from the 
resistance of the galvanometer. Between the two variable bridge 
branches of German silver wire was inserted a German silver wire 
of 300°*° length and 3 units resistance, stretched round the 
periphery of a round slate disc provided with a graduated circle, 
on which a platinum roller with index and vernier could be moved. 
The platinum roller was connected with one pole of a Daniell cell, 
the resistance of which was brought to 10 units by inserting a wire 
resistance. By means of a resistance box this cell could be closed 
through a conveniently large shunt. The working E. M. F. in the 

nearly equal branches of the bridge E' was then E ;- if %o 

was the resistance, E the E. M. F. of the cells, and %if the resist- 
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ance of the shunt. To be able to control exactly the sensitiveness 
of the measurement there was inserted in the branch of the bridge 
containing the metal leaf to be tested a copper wire of O'OOl unit 
resistance, which could be short circuited by a short, thick, 
amalgamated copper link, with the help of two little mercury cups. 
If a perfect equilibrium was eCFected by repeated short circuitings 
of the working battery at first weak, and then increased to the 
strength of a Daniell cell, the taking out or putting in of the 
resistance of O'OOl unit produced a deflection of the needle of 
about 20 divisions of the scale ; therefore, variations in the con- 
ductivity of one bridge branch of O'OOOl unit, could be still observed 
with great exactness. 

The objects which I tested were thin gold films spread over glass 
plates, metallically soldered at the ends by means of melted Rose 
metal to tinfoil coverings and to the connecting wires, further 
very thin translucent deposits of gold, platinum, and silver pre- 
pared in different ways which were soldered in the same way to 
the terminals, and last the thinnest possible plates of aluminium 
and tellurium. These preparations were inserted in the respective 
bridge branch whilst they were protected from the action of light 
by means of a cardboard box placed over them. After equilibrium 
had been obtained, and a certain time had elapsed, the battery 
contact was made, and after the usual slight deflection of the 
mirror had been read, the cardboard box was removed. The metal 
plate was then exposed to the illumination of a petroleum lamp 
placed in a lantern with a wide slit, the rays of which passed 
through a glass vessel of cylindrical shape 12^^ in diameter, filled 
with a concentrated solution of alum, and were thus concentrated 
on the metal plate, whilst the heat rays were absorbed by the alum 
solution. The cardboard box was repeatedly put on and taken off, 
whilst the battery continued closed. In almost all cases, a slow 
feeble heating of the metal plate took place owing to the action of 
the current and the illumination, but never any clear evidence 
of a reduction of the conductivity through the action of the light. 
Unfortunately it turned out that the galvanometer with this 
degree of sensitiveness could not be maintained steady enough to 
enable reliable measurements to be made so as to decide the ques- 
tion whether in general a measurable light effect was found in 
other metals besides selenium. The galvanometer itself could not 
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be sufficiently protected from external currents, nor could the 
thermo current be sufficiently excluded which with such slight 
resistances and electromotive forces appeared to be very disturbing 
without special precaution. 

I obtained a similar negative result with a different arrangement 
of my experiments. The metal. plate to be experimented on was 
inserted directly in the galvanometer circuit. If an effective 
electromotive force E' of O'Ol Daniell was inserted in the circuit 
the spot of light went off the scale ; it was brought back again 
to the middle of the scale by adjusting a magnet bar to the gal- 
vanometer in the usual way. When this was once done, the cross 
wires of my telescope on closing the circuit, even after a long 
period of rest, pointed to the same scale division without oscilla- 
tions owing to the galvanometer being perfectly dead beat. At this 
moment the cardboard box was removed by an assistant and the 
metal plate exposed to the light. Even in this way no undoubted 
effect of light could be observed on any of the above-mentioned 
metal plates, although a reduction of the resistance by 0*0001 must 
have been observed with the greatest certainty. If Dr. Bornstein's 
opinion was correct, that so great an increase in the action of the 
light occurred through a diminution of the E. M. F. as he had 
found by the use of the damping method, this ought to have been 
observed to a much greater extent with the use of 0*01 Daniell 
than with I Leclanche cell which he used in the bridge measure- 
ment. 

I was unable, for the reasons already mentioned, to increase still 
further the sensitiveness of the galvanometer employed, and could 
only seek to further strengthen the action of the light by the use 
of metal plates as thin as possible but still certain to be con- 
ducting. In fact by means of known methods, exceedingly thin, 
yet conducting meted films were placed on glass plates, and 
securely connected to conducting wires. The last could only be 
perfectly effected by galvanically silvering or gilding the glass 
strip provided with the thin metal film, in a solution of 
hyposulphite of silver or gold, a diagonal strip having been pro- 
tected from the silvering by a layer of lac afterguards dissolved off 
by ether or alcohol. In this way a very good conducting film of 
gold could be produced, which by reflected light looked like a 
beautiful gold mirror, but allowed daylight to shine through not 
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with a green but with a light blue colour. The resistance of this 
gold mirror 15""* long and IC™™ broad, was 7,000 units after 
repeated and constant measurements. Putting the conductivity 
of gold as equal to 84 (that of pure mercury being = 1) the thick- 
ness of the gold fihn may be taken as O-OOOOOOOOeS"^ if so thin a 
film conducts similarly to a mass of metal.* Even with this pre- 
paration I could not perceive any action of the light, although 
on account of the great resistance I provided my galvanometer with 
400 convolutions of thin wire, the resistance being 7613 mercury 
units, and had thereby much increased its sensitiveness. It is 
remarkable, however, that the resistance of this excessively thin 
film of gold was quite constant with an E. M. F. of 001 Daniell, 
and did not manifest the effects of the current obsen^ed by Dr. 
Bomstein. 

As it occurred to me to submit my negative results to a control 
by other experimenters, and it also appeared to me of importance 
to find out by the application of much more sensitive methods than 
Dr. Bomstein or I had been able to employ, whether the action 
of light is generally manifested with other metals besides selenium, 
I induced my friend Qustav Hansemann to undertake experiments 
in his laboratory which is arranged for experimenting upon weak 
thermo-currents. In Hansemann's laboratory a comparatively 
dark space is divided off by means of a partition of thick panes of 
plate-glass, which separates the observer from the instruments, 
which are set up in the space so that all air currents and other 
causes of local changes of temperature may be avoided. The 
necessary movements were produced by cords, which passed in 
through the glass partition. This, and the great sensitiveness of 
bis mirror galvanometer, having convolutions of wire of 0*5 of a 
mercury unit resistance, made it possible for him to employ as a 
source of electricity an iron-copper thermo-element, which gave a 
constant E. M. F. of about 0*001 Daniell, when one junction was 
maintained* at a constant temperature by means of boiling water, 
and the other by a current of water from the water supply. With 
this slight E. M. F. there could no longer be any question of a 
concealment of the actioi\ of the light by the warming of the metal 

* But this cannot be SBsamed as tlie surface is non-reflecting and therefore 
rough. 
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plate and by secondary action of the cnrrent, and it was to be 
assumed that the 300 to 500 times greater illaminating effect 
obtained by Dr. Bomstein by means of the damping method would 
certainly be made evident if it were not founded on error. As Dr. 
Hansemann has described his experimenis in an appendix to this 
conmiunication, I will here only state that he was no more able 
than I to observe any effect due to light. Dr. Hansemann also 
obtained no positive result by means of the damping method, by 
which he sought to reproduce Bornstein's remarkable experimental 
results by the use of a suitable mirror galvanometer, which I had 
placed at his disposal for the purpose, when the necessary care was 
taken to guard against the appearance of thermo-currents and other 
disturbances. 

What may be the causes of Dr. Bornstein's peculiar experi- 
mental results cannot be explained^-as his experiments are not 
described with sufficient minuteness. With measurements of this 
kind, which necessitate the use of instruments of the greatest 
sensitiveness, disturbances may easily occur with a certain con- 
stancy, and it is always somewhat risky to base new fundamental 
phenomena upon mean values exclusively, especially when the result 
lies well within the limit of error of the several experiments, as 
is the case with Bornstein's experiments. 

From the above, I cannot accept the conclusions which Dr. 
Bornstein draws from his experiments, but, on the contrary, I 
must maintain my opinion that with the means hitherto at our 
disposal the action of light is not noticeable with other metals 
than selenium. 

I will not deny the possibility that this may yet take place in 
the future with very elaborated methods of measurement, and then 
too the action of light on selenium may be explained by this 
general action of light, but I do not consider that we are authorized 
in considering it as existing until proved by unimpeachable experi- 
ments. Until then we must look upon the action of light on 
selenium as belonging exclusively to selenium, and seek in its 
special qualities an explanation of this action of light. 

Before I pass on to this, I must briefly return to certain allega- 
tionfl of Dr. Bornstein on my experiments brought before the 
Academy on the effect on selenium of light and the electric 
current. 
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Dr. Bornstein has repeatedly brought forward statements 
which refer only to the precise experiment described, as thoagh 
they were generally binding experimental results. Thus the law 
attributed to me that the conductivity of amorphous selenium, 
but not its sensitiveness to light, increases with the duration of 
heating is not universally correct. In the same way it is not 
correct that a polarization current always shows itself as a conse- 
quence of continuous currents through selenium. I have, on the 
contrary, clearly stated that this is only true in exceptional cases, 
with strong currents, and freshly prepared seleniiun plates of the 
well-conductiDg modification II., and that in most cases even with 
the most sensitive arrangements no polarization was observable. 
I explained this polarization as an electrolysis of the contact 
surfaces between the selenium and the conductors bounding it. 
Dr. Bornstein assumes the sensitiveness of tellurium to light to 
be a fact, without having himself observed it, although I have 
definitely called it in question. He depends exclusively on the 
solitary experiment of Professor Adams, who believed he had 
noticed the action of light on a piece of tellurium an inch in 
length. 

As, according to Matthiessen, tellurium has about 2400 times 
the specific resistance of gold, and has besides many phyedcal 
properties in common with selenimn, it is not at all unlikely that 
tellurium is sensitive to light under certain circumstances. But 
its specific resistance is only about a millionth of that of selenium, 
and as on account of its brittleness it cannot up to now be pro^ 
duced in the form of thin plates like the ductile metals, it will be 
difficult under ordinary circumstances to show its sensitiveness to 
light. I have not succeeded in showing this with plates about 
Q-OXmrn thick, which were pressed out of melted tellurium by a 
heavy pressure between heated glass-plates. 

I have already stated in my previous communication to the 
Academy in 1875, that the increase in conductivity of selenium 
by illumination is nearly in the ratio of the square root of the 
strength of the light. Before undertaking a closer investigation 
of this question I sought first to ascertain, that the same intensity 
of the same coloured light with the same selenium preparation 
under exactly similar conditions shows exactly the same effect. 
These experiments should at the same time decide the ques- 

VOL. I. X 
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tioiiy whether seleninm would be saitable for the conBtmction 
of a nsef al photometer, which would then have this great advan- 
tage over those formerly used, that it would be free from the 
personal errors of the observers which so vitiate photometric 
measurements^ and would also give determined numerical values 
for the comparison of lights of different colours. 

The selenium preparations used for these experiments were the 
same as those described in the first part of this enquiiy. They 
consisted of two platinum^ steel, or copper wires 0*05 to O-IC^™ 
thick, which, insulated from one another, were so fixed on a plate 
of mica, that a space of 0*5 to 1°*™ remained unoccupied between 
the wires. They were &stened by means of two rows of fine holes 
at a distance apart of about 10"^™ with which the mica plate was 
provided. The wires were drawn through these holes, and the 
ends so joined up that there was a wire grating on the upper 
surface of the mica plate, the wires of which -were .connected 
alternately with one or other of the two conducting wires. On 
this grating a layer of amorphous selenium was placed about \ a 
millimetre thick, on which a second plate of mica was laid, and 
this firmly fastened to the first plate of mica. Then the whole 
was confined between two small metal plates with elastic pressure, 
and dipped into a parafSn bath, brought to a temperature of 200"* 
to 210* C, and maintained for many hours at this temperature by 
a suitable heat regulator. After cooling occurred, the plate had 
as a rule a resistance of 500,000 to 1,500,000 mercury units, and 
a sensitiveness to light which corresponded to an increase in con- 
ductivity by diffused daylight of 0'2 to 0*5 ; the sensitiveness to 
light and the conductivity fell generally after a few days to about 
one-half. Such a selenium plate was now fastened to the base of 
a metal tube about 30°™ wide, and 60"*"^ long, and the conducting 
wires connected to insulated terminals fixed outside it. The tube 
itself could be rotated about a vertical axis, so that by turning 
the tube the selenium plate could be surely and quickly directed 
to one source of light or another. A wooden rod 1 metre long 
with millimetre divisions was so fixed to the stand which carried 
the axis, that the axis coincided with the beginning of the divi- 
sions. A candle socket provided with an index was movable 
along the wooden rod, and served to hold the standard candle 
used for comparing the sources of light measured. 
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To carry ont the measnrement the apparatus waa so arranged 
that the graduated rod with the standard candle formed a right 
angle with the source of light to be measored, so that by turning 
the tube quickly firom one position to the other the selenium could 
be exposed to the action of one or other source of light without 
appreciable loss of time. The terminals of the tube were then 
joined up to the leading wires of a sensitive galvanometer, in the 
circuit of which a suitable galvanic battery could be inserted by 
means of a key. According to the sensitiveness to light of the 
selenium plate and the sensitiveness of the galvanometer, 1 to 10 
Daniell cells were inserted, and in certain cases even stronger 
batteries. Four standard candles were first arranged near to one 
another, at a distance of 100^ from the selenium plate, and the 
standard candle placed on the slide was approached until by 
quickly turning the selenium tube from one source of light to the 
other no permanent change in the deflection of the mirror occurred, 
even if the short moment of darkness during the passing of the 
tube from the one position to the other produced a short backward 
motion of the spot of light. The position of the index gave the 
distance of the standard candle as 49*1^ instead of 50^, which 
it ought to have been according to the inverse square of the 
distance. The cause of this difference evidently was the intensi- 
fying of the flames of the four candles standing near to one another 
due to reciprocal heating. 

In a further experiment a very regularly burning petroleum 
lamp, placed in a closed internally blackened case with a diaphragm, 
was balanced at different distances against the standard candle, 
the flame of which was maintained at a height of 24™°^ by fre- 
quently snuffing the wick. 



Distance of the lamp 

1 


100 


150 


200 
69-3 


250 


300 


Distance of the nonnal j 
candle with similar de> v 
flection of the mirror • ) 


337 


61-4 


81-0 


92-6 


Calculated strength of J 
the light of the lamp > 
in normal candles . ) 

1 


8-8 


8-6 


8-3 


9-5 


10-5 



X 2 
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The variations in the calcnlated intensity of light are explicable 
by nnayoidable changes in the brightness of the standard candle ; 
at the farther distances the illnmination of the walls of the room 
throngh the open burning standard candle becomes very consider- 
able, by which the illuminating value of the latter would be 
increased 

To obviate this defect, two petroleum lamps with shades were 
arranged at different distances, and the distance of one continually 
altered until there was equilibrium. 



Distance in Metres of the 


Batloofthe 

Square of the 

Distances. 


Difference. 


English 

Duplex 

Petroleum 

Lamp in the 

Casing. 


Petroleum 

Lamp in the 

Caning. 


6 


1-890 


10-07 


+ 09 


6-5 


1-775 


9-58 


-0-40 


6 


1-616 


9-60 


-0-88 


4-6 


1-495 


10-10 


+ 0-12 


4 


1-290 


9-60 


-0-88 


8-5 


1-090 


10-60 


+ 0-62 


8 


0-980 


10-40 


+ 0-42 


Mean 9*98 



Doubtless greater care employed in these experiments would 
lead to much more conformable results. I was in this case ton- 
tented to prove by the experiment, that the selenium photometer 
without special care gives sufficiently exact comparative results to 
be applicable as a practically serviceable photometer. 

When I first commenced my experiments with selenium, I hoped 
that it would have been possible to construct a photometer with 
its help, which could have given the intensity of the light directly, 
and for this purpose I sought to obtain definite relations between 
the intensity of light, and the increase in conductivity of selenium. 
It appeared, however, that its conductivity depends upon too 
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many nDControlIable factors to be used directly as a measare of 
light. In particular the duration of the iUnmination as well as 
the intensity of the light appeared to be an active factor. With 
modification I. continuons illamination produced a progressive 
increase of the condactivity^ whilst with modification II. the con- 
ductivity had already reached its maximum after a short time, 
often after 5 or 10 seconds, and then diminished again, at first 
more quickly and afterwards more slowly. 

This property of increase or diminution of conductivity due to 
the duration of the illumination occurs in very different degrees 
with different selenium preparations. The more careftdly the 

TABLE A. (Mod. I.) 

The measnremeiits are made with 12 Daniell csIIb, which brought about a 
deflection of 92 intervals of the scale previously to illumination. 



Minutes . 



92 


2-5 

112 

20 


5 
132 


 
10 


15 


20 

167 

75 

5 


25 

178 

81 

6 


30 


85 


40 


45 
185 


50 

187 

95 

2 


55 

189 

97 

2 


60 

190 

98 

1 


Deflection . . . 


152 


162 
70 
10 


177 


180 


183 


Action of light 


40 
40 


60 
20 


85 


88 


91 


93 
2 


Differences . . . 


4 


8 


8 



heating of the selenium above 100*" 0. has been prevented during 
its change from the amorphous to the crystalline condition, the 
smaller is its conductivity, and the more slowly it increases with 
the duration of the illumination. The selenium plate used in the 
first of the accompanying series of experiments denoted by A was 
converted by immersion in a petroleum bath heated to lOO*" C, 
whilst the plate used in the series denoted by B was slowly heated 
in the petroleum bath up to 100** C, and then kept for many hours 
at this temperature. The experiments were so carried out that a 
sharp image about 14°^™ long was thrown on the selenium plate 
through a lens set up before the diaphragm opening of a brightly 
burning petroleum lamp. The dark heat rays were absorbed to a 
great extent by means of a glass trough 3*5™ thick, filled with a 
solution of alum. The electric current passed only during the 
measurement through the selenium preparation, and only until 
the mirror of the dead-beat galvanometer had reached its position 
of rest. 
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On the following day both plates had nearly the same condnc- 
tivity in the dark as before the experiment. As may be seen the 
light acted much more slowly on the selenium plates of the second 
series of experiments which conducted much worse in the dark» 
so that it only reached its maximum after an interval of six hours. 
The great irregularities are probably consequences of the variation 
in temperature. The temperature of the room rose during the 
experiments from 21° to 25° 0. 

The behaviour is quite different with continuous illumination of 
the selenium, which was converted into the crystalline condition at 



TABLE B. (Mod. I.) 
The measurements are made with 50 Daniell elements. 



Time 



160 


6' 

162 
2 


10' 
167 

7 


15' 

178 

18 


30' 

191 

31 


I*' 

196 

86 

86 


2^ 
200 
40 
4 


8'' 
212 
52 
12 


4'» 

228 

68 

17 


235 

75 

6 


6'* 
244 
84 
9 


1^ 


7'»30 


Deflection . . . 


285 


229 


Action of light 


75 
-9 


69 


Differences • • . 


-7 



a temperature from 200° to 210'' C.^ and then kept for a long time 
at this temperature. The measurements collected in the following' 
table are made with a plate of modification II. in the manner above 
described. 1 Daniell was employed for that purpose, and it was in- 
serted each time long enough for the deflection to reach its maxi- 
mum, which was generally the case in about 10 seconds. The 
unilluminated selenium plate gave a deflection of 85 divisions of 
the scale, 

TABLE C. (Mod. II.) 



Duration 


Deflection 




Dniation 


Deflection 




of niumi- 


troxQ. niumi- 


Differences. 


of Illumi- 


ft-om Illumi- 


DiiTerences. 


natlon. 


nation. 




nation. 
0>»40' 


nation. 




10" 


148 


148 


76 


-2 


0'»5' 


117 


-81 


0M6' 


74 


-2 


OMO' 


104 


-18 


OJ'SO' 


- 72 


-2 


0M5' 


96 


- 8 


0»'56' 


70 


-2 


0'»20' 


90 


- 6 


1^ 


69 


-1 


0>»25' 


86 


- 4 


•l>«5' 


68 


-2 


0»»80' 


82 


- 4 


IMO' 


66 


-1 


0*»35' 


78 


- 4 


1M5' 


65 


-1 
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After many hours darkness the deflection tetnmed to 82 on the 
scale. 

It follows from these experiments that both modifications of 
selenium are distingaished, for one thing by very diflFerent con- 
dactivitjy but specially because modification II. reaches its maxi- 
mum conductivity after a few seconds interval^ while the selenium 
converted at a lower temperature only does so after some time. 
When this maximum is reached the action of the light begins to 
diminish again — ^an occurrence which may be described as fatigue 
of the selenium — and approaches a minimum asymptotically with 
modification II. To what extent this return happens with modifi- 
cation I. was not enquired into ; but the diminution of the action 
of the light after passing the maximum, appears to take place just 
as slowly as its rise to the maximum. 

This influence of the duration of the illumination on the amount 
of the action of the h'ght, which varies with each preparation 
of selenium, makes it difficult as already said to establish definite 
relations between the intensity and action of the light. The 
numerous and varied experiments which I have conducted on this 
point did not give sufficiently concordant results. They only 
showed that the action of light increases in a smaller proportion 
than the square root of the intensity. The experiments were first 
carried out so that two constant sources of light could be com- 
pared at different distances in a rising and descending series. 
Further' a movable thin plate with holes as nearly as possible 1, 2, 
3 to 6™™ in diameter was placed before the large bright flame of 
an English duplex lamp with flat wicks, and the selenium prepara- 
tion repeatedly exposed to illumination through these holes in 
rising and descending series. If the law of squares were correct, 
the action of light should have been proportional to the diameters 
of the holes. A third method gave the most accordant and relia- 
ble results, which consisted in dividing a ray of light by means of 
a double prism into two rays, and exposing the selenium plate 
alternately to one or other pencil of rays alone or both together. 
For these experiments the duplex petroleum lamp was used with a 
diaphragm opening 2™™ in diameten The selenium gave a deflec- 
tion of 50 divisions of the scale in the dark with 4 Daniell 
cells* 
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Deflection by 
Illumination. 


Action of 
Light 


Mean of Action 
of Light 


Left ray 


103-5 
102-5 
100 


53-5 
52-5 
60-0 


52-0 


Bight ray . . 


103-0 

101-5 

99*5 


53 
51-5 
49-5 


51-3 


Both rays . 


112-5 
114-0 
114-0 


62-5 
64-0 
64 


68-5 



Therefore the mean deflection with 1 ray « 517 

,9 ,) with both rays-s 63'5 

which abont corresponds to the proportion of the cube root of the 
strength of the light« As abeady pointed out in speaking of Dr. 
Bomstein^B work, the striking phenomenon, that light increases 
the electrical condactivity of selenium, has hitherto only been 
proved as regards this latter, and hence it does not appear per- 
missible for its explanation to attribute a new property to light, 
which stands in no connection with those previously observed. 
Anyhow this would only be permissible in case the special properties 
of selenium offered no reason whatever for attributing this pheno- 
menon to the known properties of light. The special behaviour 
of selenium as regards heat and the electric current described in 
my previous paper, and its behaviour explained above by the 
illumination of its surface, nevertheless permit us to conceive that 
the action of light on selenium is a phenomenon quite analogous 
to the known chemical action of light rays. 

As already said, the crystalline selenium which is produced by 
the heating of amorphous selenium to 100* C, with the giving up 
of latent heat, as well as the amorphous form, may be considered as 
an allotropic modification of the hypothetical metallic form, that 
is of selenium devoid of latent heat. If amorphous selenium is 
heated to 200* C. instead of to 100* C, and is kept for a long time at 
this temperature, it gives up more latent heat than by heating to 
100*, and then conducts electricity in the cooled condition like 
true metals, %.e, in such a manner that the conductivity diminishes 
with increasing temjycrature, whereas in the case of crystalline 



WERNER VON SIEMENS. 313 

selenimn converted at 100'' C, it increases with liBing tempera- 
tnre as with carbon. On this account the first which I have called 
modification II. condacts much better than modification I.* 

Modification II. may now be considered as a mixture or com- 
pound of crystalline and metallic selenium. A complete conversion 
into metallic selenium is not possible^ as the latter in the pure 
condition at the usual temperature of the air is not in a stable con- 
dition, and on cooling is converted back into crystalline selenium 
with an absorption of latent heat, until a remnant only remains by 
admixture or combination with crystalline selenium. The be- 
haviour of ozone is quite analogous. When pure oxygen ia 
submitted to gaseous electrolysis by means of the ozone apparatus 
elsewhere described by me, a portion of the oxygen is converted 
into ozone. If the ozone formed is continuously removed by a 
silver plate or other means from the mixture of oxygen and ozone 
produced by the process, the whole of the oxygen can be converted 
by degrees. If, on the other hand, the ozone produced is not 
removed, a limit is soon arrived at, when ozone is no longer pro- 
duced, since only a certain quantity of ozone is protected by 
admixture with inactive oxygen from reconversion into this latter. 
Probably ozone is an allotropic modification of oxygen free from 
latent heat, and could be regarded as metallic oxygen like the 
hypothetical metallic selenium. In this '^ condition of freedom from 
latent heat,^' or ''metallic condition " bodies have the greatest 
affinity for forming chemical combinations^ and it is probably to be 
generally considered as the so-called active condition of the body 
such as it appears in the nascent state. As heat diminishes the 
stability of that allotropic condition of bodies in which they con- 
tain latent heat, this view seems to explain the pretty generally 
observed intensification of chemical changes by heating. In the 
same way the generally observed fact is made clear, that electro- 
lytic conduction is improved by heating, for it must be assumed, 
that the chemical combinations of different bodies assume aJlotro- 

* To obtain this pnre, amorphous selenium in thin plates it must be heated to 
about 100** C. in petroleum or other heat-conducting fluid, and maintained for 
a long time at this temperature. If this precaution is not taken the selenium 
converted into thick pieces is heated to such a degree by the disengagement of 
latent heat, that a still further disengagement of latent heat takes place, and 
therefore a partial conversion into modification II. Many apparent con- 
tradictions in the results of different experimentalists may be thus explained. 
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pic molecnlar conditioDs retaining latent heat, which modt be 
brought back into the metallic condition before they can enter into 
new combinations. The fact that even simple bodies, like carbon, 
tellarinm, seleninm, conduct like electrolytes, as they conduct 
better with increase of temperature, would then prove that with 
this conduction an electrolytic action actually takes place, and 
would, therefore, separate at one electrode metallic selenium for in- 
stance, and at the other a higher allotropic modification or one 
retaining more latent heat, of which the first at least is not stable 
in the pure condition at ordinary temperatures, and, therefore, is 
converted after the cessation of the current, or perhaps even during 
its continuance, by re-absorbing latent heat. In a similar manner 
the chemical action of light is to be so regarded that the sether 
vibrations of the chemical rays of h'ght break up the stability of 
the allotropic molecular condition '' retaining latent heat," and 
thereby restore the active or metallic conditions of the illuminated 
molecules of the body. 

According to this theory the action of light on selenium is to be 
explained by ascribing to the light rays which strike the surface 
of the selenium, and penetrate to a very sb'ght depth into it, a 
similar action to that which high temperatures exercise upon it. 
They reduce crystalline to metallic selenium, which conducts very 
much better and sets free the latent heat of the former. On cessa* 
tion of the illumination, the metallic surface of the selenium 
reverts to crystalline selenium as the metallic condition is only 
stable under illumination or at a high temperature. It is not, 
however, yet made clear, that this action is brought about essentially 
only by the visible rays of the spectrum, and not by the chemical 
and dark heat rays which lie outside of the visible spectrum. Bub 
probably later experiments may show, that to each body corre- 
sponds a certain period of vibration of the aether waves which pro- 
duces on it the maximum chemical action of light, or that the 
diminution of the stabiUty of allotropic modifications of simple 
bodies is brought about most powerfully by ether vibrations of 
medium wave length, that of compound bodies most by »ther 
vibrations of small wave length. 

That the action of the light on the better conducting modifica- 
tion II. which already contains metallic selenium dissolved in it, 
takes place much more quickly and is much greater than on the 
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unmixed crystalline selenium is made clear partly, because with the 
lirst there is a smaller quantity of crystalline selenium to be 
reduced in order to produce a conducting metallic surface, but 
partly also because the good conducting surface is directly con- 
nected with the conducting wires at a few points only. There 
is almost all over a film of selenium unconverted into the metallic 
condition which has to be traversed by the cmTent, and on the 
resistance of which the strength of the current is dependent. 

To explain the important phenomenon of the fatigue of selenium 
with continuous action of the light it must be assumed that 
crystalline selenium is more translucent than metallic. In this 
case the action of light will extend at first to greater depths, and 
convert badly conducting crystalline selenium into good conduct- 
ing metallic selenium. But as soon as the surface of the selenium 
has become a continuous metallic film, it acts as a screen which 
keeps back the light from the metallic molecules at first converted 
at greater depth, and so allows them to revert into crystalline 
selenium. With simple crystalline selenium this fatigue does not 
seem to occur, on the contrary its conductivity increases by 
illumination for many hours as was shown earlier. But the full 
action of the light actually occurs very much more slowly, for after 
many hours' illumination the maximum action of the light is 
reached, and then a falling off of the conductivity is also noticed. 

That the action of light is restricted to the surface of the 
selenium and to the layers lying next to it can be easily shown by 
comparing the action of light on the two sides of a selenium plate. 
In consequence of its construction the wire grating touches the 
surface of the plate on the one side, whilst the other side of the 
grating is covered by a thin layer of selenium. If the former side 
is illuminated the action of the light is 2 or 8 times as great as 
when the latter is illuminated. 

There yet remains to discuss the vaiying action of coloured 
light rays and their disturbing influence on the comparison of 
differently coloured lights by the selenium photometer. 

I have foand Sale's statement to be correct, that the action of 
light commences with the visible violet rays of the spectrum, then 
increases pretty regularly to the red, is still found in the ultra red, 
but not in the rays lying beyond it. The following series of 
experiments was made with a narrow selenium plate consisting of 
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only two parallel platinam wires at 1™™ distance apart, and 4 
Daniell cells. The spectram was produced by a glass prism and a 
brightly burning petroleum lamp with a slit 

This series of experiments performed without special care and 
only to obtain general information, shows sufficiently well that the 
selenium photometer cannot be used as it is for the comparison of 
different coloured lights. 



« 


Darlt. 


Violet. 


Blue. 


Oreen. 


Yellow. 


Red. 


Ultnt- 
red. 


• 

Dark. 


Deflection 


139 


148 


158 


165 


170 


188 


180 


150 


Action of light 





9 


19 


26 


39 


49 


41 


11 


Differences 




9 


10 


7 


13 


10 


-8 


-30 



This leads to the question as to what is really meant by the 
photometric comparison of differently coloured lights. A com- 
parison of the sensation of light produced by means of our organs 
of sight is* impracticable and quite individual. Light does not 
serve us, however, to perceive a greater or less brilliancy, but to 
enable us to clearly distinguish or recognize distant objects, and a 
correct photometer should show differently coloured lights as 
equivalent when they make distant objects perceptible to us in the 
same degree. This property does not entirely coincide with the 
conception of equal brilliancy. If one looks at a landscape 
alternately through blue or yellow glass it appears much brighter 
in the latter case ; but it is not for this reason impossible if the 
yellow glass absorbed much light, that the objects of the landscape 
might be much more clearly distinguished through the blue glass. 

The blue light which reaches our eyes gives us in this case a 
better definition, even though it produces a feebler sensation of 
brilliancy. A photometer intended for practical use should give 
the illuminating value of coloured light as thus defined. 

The photometers constructed up to the present time which are 
based on the production of an equal sensation of brightness, are 
entirely unsuited for this purpose. Even setting aside the different 
illuminatiug value of coloured light, it is not possible to form a 
decided opinion thereon, when two differently coloured lights are 
equally bright. In any case such a judgment is altogether sub- 
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jective. The Beleninm photometer has certainly the great superi- 
ority over these photometers, that it gives undoubted results of the 
action of light of all colours ; these results, however, are not 
directly applicable as the selenium is affected by differently 
coloured light in a different degree. Besides, the ascertainment 
and use of a scale for the action of light of different colours of the 
spectrum for the correction of results Trith the selenium photo- 
meter is not sufiScienty because it is not absolutely settled what 
lighting value the coloured rays of the spectrum have. If however 
a scale were ascertained for the purpose, it could only have a very 
restricted value, for it would not be applicable for the comparison 
of the lighting value of coloured lights from terrestrial sources. 

I have sought to fix by empirical means a scale of the lighting 
value of differently coloured lights which have the same lighting- 
effect on selenium. 

Small print on white paper was looked at through a telescope 
placed at a distance of about 5 metres. A petroleum lamp burn- 
ing uniformly and with a tolerably white flame, could be brought 
closer to the print by means of a cord worked by the observer 
until the print was just l^ble in the otherwise dark room. This 
process was repeated with a coloured glass plate placed before the 
lamp. If the lamp were brought so near that the type was again 
just legible, then both lights had the same illuminating power. 
If now the light action on a selenium plate brought into the plane 
of the paper was each time determined, a factor was to be found 
in this proportion of the action of the light, with which the results 
of the selenium photometer for equal lighting value of this coloured 
light were to be multiplied. In this way the co-efficients for all 
colours of the spectrum were to be obtained, and thus a correction 
table for the comparison of different coloured lights was to be pro- 
duced. Unfortunately, it happened, however, that the eyes of the 
different observers were so unequally and to such a degree affected 
by the exertion of deciphering the printing with the weak light, 
and especially also through the sudden change of the colour of the 
light, that no concordant results could be obtained, and the 
experiments had to be given up. It is to be hoped that other 
observers with better means will succeed in producing such a 
correction table for similar lighting values of coloured light. The 
sensitiveness of selenium to light would then serve as a photo- 
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meter, which unlike former photometers that only compare colour- 
less or similarly coloured light could compare lights of all colours 
free from the personal error of the observer. 

Yet even -without such a correction table, the selenium photo- 
meter has the advantage over others, that it does not, like these, 
lead to false results with slight variations in the colour of the 
light, but gives definite results, the significance of which may be 
agreed upon. 



ON THE ELECTROMOTIVE ACTION OF ILLUMINATED 
SELENIUM DISCOVERED BY MR. FRITTS OF NEW 
YORK.* 

Mr, Ch. Feitts of New York sent me last summer, a descrip- 
tion of his method of making selenium plates sensitive to light, 
which is different from mine in many points, and enclosed some 
of the plates prepared by him. These do not consist like mine of 
parallel platinum wires, embedded in a thin layer of selenium, but 
of a thin homogeneous layer of selenium, which is laid on a metal 
plate, and after being heated (so as to convert the amorphous 
into crystalline selenium) was covered with fine gold-leaf. Mr. 
Fritts has found that the green light transmitted through the 
gold-leaf on further passing through the selenium improves its 
conductivity. In fact, the conductivity of the selenium plate 
between the metallic base plate and the gold-leaf is increased from 
20 to 200 times in some of the preparations sent over, when the 
gold-leaf is illuminated by direct sunlight falling upon it perpen- 
dicularly. Even when illuminated by diffused daylight the action 
of the light is greater with Mr. Fritts's preparations than with 
mine. One of the plates sent over to me showed hardly any 
sensitiveness to light, but possessed another highly important 

* Monthly Reports of the Berlin Academy of Sciences of 18 May, 1875» 
and 7 June, 1877. 
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property, namely, that a galvanometer inserted between the gold- 
leaf and the base-plate indicates an electric current in the direction 
of the motion of the light through the selenium as long as the 
gold-leaf is illuminated. I supposed at first that this current was 
not permanent, but was of the nature of a polarization current, 
which only continued until the molecular modification of the 
selenium was completed by the illumination, and the first experi- 
ment appeared to support this assumption. Later and more 
searching experiments have however convinced me that this 
supposition was erroneous. We have in fact to do in this case 
with a quite new physical phenomenon, which is of the greatest 
scientific importance. It follows from my experiments, that a 
difference of potential arises between the base-plate and the gold- 
leaf, when the latter is illuminated, which is to all appearance 
proportional to the strength of the light, and which continues 
unchanged so long as the illumination continues. Dark heat rays 
a]*e not electromotive, we are therefore prohibited from assuming 
a thermo-electric action as the explanation of the phenomenon. 
Mr. Fritts assumes that the light waves penetrating into the 
selenium are changed directly into an electric current, and the 
proportionality of the strength of the current to that of the light 
does indeed lead to this conclusion. This was proved approxi- 
mately by means of the series of experiments in the folloAving 
Table :— 



Strength of light in ) 
standard candles . f 


6-4 


9-9 


12-8 


16-8 


Strength of cnrrent . ' 18 


30 


40 48 


Quotient . 


2-8 


3 


31 


2-8 



The power of the light was measured by means of a Bunson 
photometer, the strength of the current by the deflections of a 
sensitive mirror galvanometer. When the gold-leaf was exposed 
to the light from the S.E. quarter of a cloudless sky, whilst the sun 
itself was concealed by lofty buildings in the neighbourhood, there 
resulted the measurements collected in the following Table : — 
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Time of obser- ) gi, «-„ 
yation . J 


10»»5- 


10^ 80- 


11* 


11* 85- 


12* 


12*30- 


Deflection of 
thegalvano- > 
meter . . ) 


190 


196 


209 


223 


250 


250 


244 


Time of obeer- [ 
yation . j 


1>» 


1»»80" 


2*' 


2»»80- 


8k 


8*80"» 


4* 


Deflection of | 
thegalvano- > 
meter . . ) 


245 


249 


288 


188 


178 


172 


108 



It follows from these that the E.M.F. of the seleninm plate 
increased almost Hniformlj from 9*80 a.m. to 11'85 A.K., then 
remained constant for nearly two honrs with slight variations, and 
then diminished nearly nniformly nntil 3 o'clock. 

Mr. Fritts was nnable to give any explanation of the canse of 
some of his seleninm plates improving in conductivity when 
illuminated, whilst others acted electromotively. He complained 
of the uncertainty of the construction of the plates, of which it 
was impossible to foresee the properties, and gives different 
manipulations by which inactive plates can sometimes be made 
serviceable. Fundamental experiments are therefore still required 
to determine on what the electromotive light action of many 
selenium plates depends. Yet the existence of a single selenium 
plate with a property such as that described, is a fact of the 
greatest scientific importance, for here, for the first time, we meet 
with the direct conversion of Ught energy into electrical energy. 
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PHYSICAL AND MECHANICAL CONSIDERATIONS, 
SUGGESTED BY THE OBSERVATION OP AN 
ERUPTION OF VESUVIUS IN MAY, 1878.* 

During my stay in Naples in May of this year, Vesuvius wore 
a crown of vapour which now and then during calms rose to about 
one-third of its height above sea level. During the night the 
crown of vapour appeared slightly luminous. It seemed remark- 
able to me, that viewed with a good telescope, it appeared to 
consist of rings of vapour following quickly upon one another. 
The glow was not constant ; its brightness was very variable, and 
now and then it appeared to be intermittent. 

When on the 14th of May I climbed the very difficult ascent up 
to the edge of the old crater, I was very much surprised at the 
view which presented itself. At the highest point of the cone of 
ashes which rose in the middle of the great crater up to about 
half the height of its edge, there was to be seen a brightly glowing 
opening, from which violent explosions took place in pretty 
regular sequence every two or three seconds. The force of these 
explosions could be approximately measured, by a quantity of red 
hot stones and pieces of lava being hurled up by them considerably 
above the point where I was standing on the edge of the old 
crater, and after the almost perpendicular fall which followed, 
they rolled down the upper surface of the inner cone of ashes. 
The brightly glowing mouth of the active crater formed an 
irregular square, the average length of the sides of which I 
estimated at five to six metres. Each explosion carried the sur- 
rounding air along with it, and thus formed above the top of the 
mountain a ring of vapour rotating round itself from within out- 
wards and expanding as it rose. Jt was accompanied by a dull 
report, which perceptibly shook the whole top of the mountain. 
The appearance of flames was not observed. When, however, 
there was bright sunshine the mass of expelled vapour had in the 
neighbourhood of the mouth of the crater the yellow colour which 
slightly luminous flame usually assumes in sunshine. 

* Monthly Report of the Berlin Academy of Sciences of 17 Oct. 1878. 
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This imposing spectacle differed considerably from the notion I 
had formed of volcanic action from written descriptions. These 
short sharp sort of explosions of expelled vapour following at such 
short intervals of time were not to be explained on the assumption 
that masses of steam, taking their rise in the fluid interior of the 
earth, or produced by evaporation of water entangled in the up- 
rushing lava, had burst through the lava in the channels of the 
crater owing to its overwhelming tension. A bubble of gas or steam 
which rises up through overlying liquids can either rise up slowly 
exactly in a similar way to a bubble of air in water, whilst its 
volume continually increases in proportion to the diminution of 
pressure, and then it quits the liquid without excess of pressure ; 
or, if the high pressure suddenly arises and overbalances the 
pressure of the liquid enclosed in a narrow channel, it must throw 
out the liquid in a continuous mass. In the first case, the burst- 
ing up of each bubble of steam must have occasioned a quiet and 
therefore non-explosive kind of vaporisation, in the latter on the 
contrary with each explosion great masses of lava would have 
been hurled up, and it would have required more time, before a 
following explosion could have occurred after the crater channels 
had again become filled with lava. There is, however, hardly any 
ground for imagining that such a sudden preponderating pressure, 
of steam should occur in the glowing depths. If we also assume 
that masses of water enclosed in the lava or magma rise up with 
it in the crater channels, and pass into the form of steam after 
corresponding reduction in pressure, this change can never be 
sudden, as the pressure only diminishes slowly with the diminish- 
ing depth, and as the water to pass into the form of steam must 
take up latent heat, by which it and the surrounding lava is 
cooled, therefore the cause of the vaporisation will be removed 
until the cooling produced by the steam formed is replaced through 
heat conduction from the distant portions of lava. 

There is yet another possible cause of the sudden evolution of a 
preponderating steam pressure which may be here discussed. 
At a very high temperature the elements of water are dissociated 
like other chemical compounds. It might then be assumed that 
the magma contains not water, but its dissociated elements, con- 
densed HjO, and that it is burnt again to form water when the 
temperature, through reduction of the column of pressure, and 
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vnth it the compression of the magma^ was reduced to a certain 
•degree. It is however in the highest degree improbable that 
xinder the powerful pressure which the solid crust of the earth 
exerts on the magma, a dissociation of the water can occur, since 
ithe pressure promotes the combination of the gases to denser 
water. 

Earlier experiments have proved to me that at a very high 
pressure cold mixed gases explode and are converted into steam.* 
But if it were assumed that the dissociating force of the tempera- 
ture exceeded the associating force of the pressure, that conse* 
«quentl7 the water may be contained in the magma in the form of 
<x)mpre8sed explosive gases, even then it must not be assumed that 
a sudden combination of the elements of water into steam' united 
with a much further heating could occur, because the consequent 
^greater heating must again bring about dissociation ; the process 
<could therefore only proceed slowly. 

It now only remains to assume that hydrogen or the combustible 
tcombinations of hydrogen rise up in the crater, which, mixed up 
in some way with oxygen to form an explosive mixture^ were 
afterwards exploded in the upper portion of the channel of the crater. 
Whence did the combustible gas originate, whence the oxygen, and 
Jiow was the necessary mixture formed in so short a space of time ? 

* I tried the experiment in the following manner : Glass tubes about 
50c» long^ and of ahout IJ**" internal, and 4 to 5"*" external diameter, were 
•closed at one end by fusion, and filled for the greater part with acidulated 
water. Two stout covered platinum wires of about 15*^" length were then 
iixed in the open end, the upright tube at this end was surrounded with a 
paper cover, which was filled full with the well known mechanical cement 
formed of kolophonium and wax fused together, after the air in the open end 
of the tube had been somewhat expand^ by heating it. The cement was 
(then drawn some centimetres into the tube on cooling and perfectly closed it. 
If now the tube was placed in a wooden box somewhat on a slant so that the 
iluid completely sun-ounded the platinum wires, and then a battery of 
10 Daniell cells was connected up to the ends of the platinum wires, the water 
began at once to be decomposed. If only 3 or 4 Daniell cells were used, the 
decomposition of the water ceased in a short time and only began again when 
the number of cells was increased. If more powerful batteries were used an 
-explosion occurred regularly after from 10 to 30 minutes with the appear- 
.ance of flame wliich shattered the tube, llie light was observed in a mirror, 
which was placed before an opening in the box. The phenomenon was alwavs 
jrepeated under similar circumstances with perfect regularity ; therefore the 
pressure alone could be the cause of the explosion of the mixed gases. I have 
not determined the amount of pressure necessary to produce explosion at a 
given temperature. According to calculation a glass tube similar to those 
used should bear a pressure of about 2,000 atmospheres, but I do not think 
ithat the pressure of the gas before the explosion amounted to half this. 

Y 2 
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Only after a long contemplation of the interesting spectacle did 
I make an obsen^ation which explained the last-mentioned 
occurrence, the admixture of the rising combustible gas with 
oxygen. Little clouds frequently separated from the clouds of 
steam cast up, which then moved quickly sideways and returned 
with great speed into the crater. Shortly afterwards the next 
explosion occurred. The mechanical occurrence which at first 
seemed so mysterious, was made quite clear by this observation, 
which was confirmed by my companions. If it be assumed that a 
continual stream of combustible gas breaks forth from the crater 
either empty to a great depth or filled with loose detritus, this 
gas once ignited would burn with the oxygen of the air as a 
powerful though only slightly luminous fiame. At the beginning 
of the volcanic action the crater would be filled with atmospheric 
air. If now a continual eruption of lava takes place, and with it 
a streaming out of combustible gas, this hot and light gas will 
mix very quickly with the cold and heavy atmospheric air found 
above it, and form an explosive mixture with it, which is then 
ignited by means of red-hot pieces of lava thrown up with it. The 
consequence may be a powerful explosion such as is often observed 
at the commencement of a period of outbreak. If the crater's 
mouth is wide and open so that the atmosphere has easy access to 
the interior, this first explosion would oflien not be followed by 
another, but the outflowing combustible gas would bum quietly in 
the depth of the crater, with the heavy air continually flowing 
in. If on the contrary, as is the case at Vesuvius, the mouth of 
the crater is narrow, so that no simultaneously inpouring and out- 
pouring of the gas and air can take place, then dl the conditions 
for a series of explosions are present. The highly-heated steam 
produced by the first explosion is ejected to a great extent at a 
high velocity from the opening. The next moment two forces 
work together to produce a relative vacuum in the crater. On the 
one hand the steam still remaining in the upper part will be carried 
forward in consequence of the inertia of its mass if atmospheric 
equilibrium has already occurred, and thus a relative void be pro- 
duced in the crater, and on the other hand the cold air entering 
after the explosion will thereby partly condense the steam still 
remaining, and thus cause a further infiow of atmospheric air. 
This infiowing air must now mix the more quickly with the com- 
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bustible gas regnlarlj streaming out, since the heavier air is above 
the light and both are in active motion. As soon as the mixture 
becomes explosive^ the second explosion occurs and so forth. A 
great number of such explosions must impart the high temperature 
thus obtained to the walls of the mouth of the crater and bring 
them to a red heat. Probably the bright glow which is observed 
at the mouth of the crater only proceeds from these continuous 
explosions, and it is hence not improbable that the channel of the 
crater was at a glowing heat only at a considerable depth in the 
interior of the earth, whilst the mean depths were dark. The 
interval of time between the explosions must depend principally 
on the extent of the air-filled space in the crater. It may hence 
be supposed that an acceleration in the sequence of the explosions 
points to a rise of lava in the crater and therefore to an approach- 
ing outbreak.* 

A more difficult question than that of the mixtm'e of the com- 
bustible gases with atmospheric air is the nature and source of the 
combustible gases, which rise through the crater from the interior 
of the earthy and what forces heave up the melted masses to the 
summit of a volcano on an eruption. 

The considerable production of steam makes it very likely that 
hydrogen has been principally burnt, but leaves it undecided 
whether the hydrogen was free or combined with other com- 
bustible substances — such as sulphur, carbon, &c. Perhaps the 
combustible gas was also much mixed with steam, which could 
then partly form the clouds of vapour. Without doubt these con- 
tain considerable quantities of sulphurous acid. When the wind 
drove the steam, mixed to a great extent with atmospheric air, to 
where I was standing, I had to change my position very speedily, 
for breathing the sulphurous acid was insupportable. Sulphuretted 
hydrogen, which bums with oxygen to sulphurous acid, could only 
have been produced by the decomposition of water in the deeper 
layers of the solid crust of the earth. If the course of the crater 
passes through considerable layers of pyrites perhaps full of 
fissures, then heated steam released from the fluid interior of the 
earth, t.^., the magma, and rising through the channel of the 
crater must decompose the pyrites, and produce sulphuretted 

* This actually soon occurred. 
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hydrogen, which thea riaes np mixed with undecomposed steam. 
The same would happen if ejected red-hot magma penetrates 
fissures filled with rain or sea-water. But although the activity of 
Vesuvius may perhaps be thus explained, it cannot be assumed 
that the explanation will serve for all volcanoes, for the products 
of combustion of many of them contain no sulphurous acid or 
very little, and therefore it can hardly be assumed that strata con- 
taining sulphur or iron pyrites are to be found under all volcanoes. 
Sulphuretted hydrogen and marsh gas are decomposed at high 
temperatures under slight pressures. However, it is not quite- 
certain that at the high pressure under which the magma exists, 
they cannot subsist in it notwithstanding its high temperature ^ 
but decomposition must happen in any case, when the pressure 
diminishes owing to their ascending with or through the magma. 
That the magma contains water and hydrogen is proved for the 
former at any rate ; nor is this surprising, if one starts from Kant 
and Laplace's theory of the formation of the world. According 
to this it is to be assumed that the atoms were in the beginning' 
scattered singly through the space of the universe. If centres of 
attraction were formed— perhaps through unequal distribution — 
they would move towards these. According to the mechanical 
theory of heat, as Helmholtz has shown, the momentimi accumu- 
lated in the accelerated moving atoms must be transformed into 
heat on impact, and the temperature must rise in rapid progression 
with the progressive condensation. With the rise of temperature 
chemical affinities would come into play. Related atoms coming 
into contact must group themselves into molecules, which, perhaps 
by further contacts, and increased temperature due to still greater 
condensation, separated and recombined to form again other com- 
binations. All chemical combinations must arise which would 
be possible with the prevailing conditions of temperature and 
pressure, and must exist in intimate mixture in the magma or earth 
mass, which has become fluid by. heat and pressure. 

The usual starting point of geological assumptions that the 
earth was a fused ball consisting mainly of silicates, and that 
water together with gases must have surrounded it as a glowing 
atmosphere, does not agree with the above view. Water and gas 
could only have escaped at once in the gaseous state from the 
outer layers of the earth becoming fluid, which were under a low 
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pressure, whilst in the greater depths of the magma they must have 
remained partly dissolved, paitly retained in intimate mixture 
with it. Against the assumption that hydrogen and other com- 
bustible material remain behind in the magma, the fact may be 
mentioned, that oxygen now forms a great portion of our atmo- 
sphere and must therefore have existed in excess. We know, 
however, much too little of the effect of the prodigious pressure, 
and the high temperature corresponding to it, which prevailed in 
the interior of the earth at its formation, and of the alteration in 
the force of aflSnity, produced by later cooling, to be able to 
decide whether the oxygen was not wholly combined, at the for- 
mation of the earth, and was not first released at later periods 
from the then fluid magma together with the greater part of the 
water now found on the earth's surface. The fact that the sun's 
atmosphere consists for the most part of free hydrogen, according 
to the results of spectrum analysis, and that considerable masses 
of hydrogen still break forth from the solar centre, point to there 
being a surplus of hydrogen in the solar spectrum, and is there- 
fore favourable to the last view. That we no longer meet with 
free hydrogen in our atmosphere might perhaps be explained by 
the fact that hydrogen which is specifically lighter, and com- 
pressible within far wider limits, must form a much higher atmo- 
sphere than the heavy gases, and therefore must be almost entirely 
withdrawn from the earth, and that its limit exceeds the limit of 
equilibrium between attraction and centrifugal force. We know 
that water heated to a high point under pressure dissolves quartz 
and sihcates to a considerable extent, as well as that on the other 
hand molten silicates absorb both water and so-called permanent 
gases. We do not know how far these properties may be increased 
by the enormous pressure and high temperature in the interior of 
the eaxth. It is probable that highly-heated water saturated with 
silicates, and silicates saturated with water existed uncombined 
both in intimate mixture with each other, and may in part still 
exist. The same thing will hold good for carbonic acid, the 
aqueous solution of which takes up chalk and magnesia in con- 
siderable quantity under high pressure. Forces now arise in this 
non-homogeneous mass, which in course of time must produce a 
separation of the uncombined fluid masses lying close to one 
another. Gravity must have gradually conveyed the specifically 
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heavier to the depths of the earth and therefore moved the lighter 
•to the periphery, whilst on the other hand the more powerful 
attraction of the heavy masses must have repelled the lighter in 
the same way as air-bubbles repel each other in liquids. The result 
of these forces working very slowly, especially in viscous fluids, 
the first most active of which however diminishes with the 
intensity of gravity as the depth increases, must have been a quite 
gradual separation of the heavy liquids from the light, and an 
aggregation and motion of the latter towards the periphery. But 
a priori with the formation of the ball of the earth, heavy and 
light regions of matter containing more alkalies, carbonic acid and 
water must have been formed, because the matter was originally 
spread not uniformly, but in groups through the universe. 

To this grouping of heavy and light masses in the interior of the 
earth, or this " mud-making " as Eeyer calls it, must be ascribed 
an important part in the formation of the crust of the earth as well 
as in the volcanic phenomena now taking place. Before I go more 
closely into this I must, however, consider the important grounds 
which Sir William Thomson opposes to the assumption that the 
earth may yet be liquid in its interior, or even may still have been 
liquid at the formation of the first solid crust. 

Thomson asserts that the earth must have a much greater 
rigidity than a massive glass or even steel ball, as otherwise the 
tides could not take place to the extent they do. Were the interior 
of the earth still liquid, the earth and water must mutually accom- 
plish the tidal motion, no relative rise of the water could conse- 
quently take place. The slight resistance of a moderately thick 
crust can in no way affect this. Were the earth a solid glass ball 
its elasticity would still permit of a tidal motion, which would 
reduce the tide calculated for a perfectly rigid earth, and corres- 
ponding so nearly with experience, to \ of its value or to | if it 
were of steel. He therefore considers it impossible that a solid crust 
could have been formed before the whole earth had become rigid, 
as the solid rocks according to Bischors researches are 20 per cent, 
specifically heavier than the molten mass from which they have 
solidified. Thomson, therefore, assumes that the earth has been a 
solid nucleus with a deep sea of molten silicates, which covered it. 
When on further cooling solidified masses of rock formed on the sur- 
face, they would have sunk down to the solid nucleus. Only after 
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the whole molten sea had been filled in this way with masses of 
rock, could a lasting solid crust have been formed. The spaces be- 
tween the sunken masses remained filled vrith the molten masses, 
and are in part still so. From these fluid lava masses enclosed in the 
solid body of the earth, arises according to Thomson's view the 
lava of the volcanoes, and the cause of earthquakes is the falliug of 
masses of rock from the roofe of such hollow spaces on to their 
floors. William Thomson bases this opinion upon a calculation of 
his brother, James Thomson, according to which the point of solidi- 
fication of liquid masses is altered by pressure differently accordingly 
as the body expands or contracts in solidifying. This calculation 
has been fully proved for ice. Starting from Bischof 's experiments 
and the hypothesis of Laplace, according to which the increase of 
the square of the density is proportional to the increase of the pres- 
sure, Thomson calculates that for the interior of the earth, the 
temperature of fusion of silicates has been always much higher than 
that due to compression. As the distribution of mass in the body 
of the earth calculated in this manner corresponds to that necessary 
for bringing about the observed precession and nutation, W. 
Thomson maintains the correctness of Laplace^s hypothesis, and 
therefore also that his view of the nature and formation of the 
earth is proved. Mallet, Roth, and other geologists have opposed 
this on geological grounds. Mallet also questions the correctness 
of Bischofs experiments, and has found from his own experiments 
that blast furnace slags contract only six per cent, in solidifying 
from the temperature of fusion to the solid state. Experiments 
which my brother Frederick Siemens has undertaken in his glass 
bottle works at Dresden at my request, explain these great differ- 
ences in experimental results. It has been found that the limpid 
melted bottle glass very rich in quartz, contracted very quickly 
from a certain determined temperature, and thereby became 
viscous. The further the cooling advanced the less was the con- 
traction, and there was a still smaller contraction when solidifica- 
tion itself took place from the yet plastic mass of glass, than in the 
case of solid glass with the same difference of temperature, which 
is equivalent to a slight expansion in passing to the solid state. 
It is easy to prove the considerable contraction which takes place 
in cooling thin liquid glass, from what occurs on filling a 
crucible in the furnace up to the brim with a quantity of refined 
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bubble-free glass, and then taking it from the oven. The level of 
the mass of glass then sank visibly, at first quickly then more 
slowly, although the contraction of the wall of the crucible which 
cooled in the first place must have exercised an opposing influence. 
The amount of this contraction from the temperature of the melted 
glass to that of the air could be determined with extreme accuracy 
for the two temperatures. In the large continuous working glass- 
furnaces of my brother, the melting and working chambers arc 
widely separated and have different but always approximately 
permanent temperatures. The temperatures are according to- 
numerous determinations of my brother 1600' to 1700** in th& 
melting chamber; and 1200* to 1300° in the working chamber. 
Two narrow-necked crucibles were prepared as similar as possible^ 
and in each of the furnace chambers one of them was filled up as 
nearly as possible level with the horizontal rim of the crnciblCy. 
with glass free from bubbles. Both were then removed from the- 
furnace with the greatest care and placed in the annealing kiln. 
In order to prevent the upper surface of the glass from solidifying- 
first, a cover specially prepared for this purpose and highly heated 
was placed over each crucible. It was found that after the cooling- 
the glass in both crucibles had sunk equally. The amount of thi» 
sinking was afterwards ascertained in my laboratory by filling the 
Bpace exactly with mercury, then the crucible was carefully broken 
and the volume of the mass of hard glass ascertained by weighing 
in water. A bubble of air which was found in the mass of the 
glass was determined by crushing the glass and brought into th& 
calculation. 
The result was : — 
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The cubic expansion of liquid glass between the above tempera- 
tures amounted to I'lS'/o for 100* C, whilst a solid glass expands, 
only 0*24 or about \ of this amount. This considerable diminu- 
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tion in the yolnme of tho melted glass on cooling cannot be 
ascribed to the ordinary expansion of the body daring heating. 
If it be assumed, that the cubic expansion of fluid glass with rise 
of temperature is considerably greater than that of solid, there is 
yet no analogy for so great an increase of the co-efficient of expan- 
sion with temperature. That the mass of glass does not further 
contract on final solidification from the still plastic condition was 
ascertained by blowing a wide glass bottle in a cold iron mould. 
A bottle taken out of the mould at a dull red heat had after cooling 
in the annealing oven a circumference of 293'3*^™. A lump of 
gypsum solidified in the same mould, which as is known takes place 
without shrinkage, had in the same part a circumference of 
290*2*™. If one assumes that the diflference between the tempera- 
ture of red hot and still plastic glass and that of the air amounted 
to 800° C, and that the linear expansion of refractory bottle glass 
amounts to 0*0008 per 100° C. increase of temperature, the con- 
traction of the hard glass would have been about twice as great as 
that here found, whence we may conclude that expansion takes 
place with actual solidification. 

Still more decisive of the question whether there is a contraction 
or expansion of the silicates on solidification from the still plastic 
condition, is the collection which Mallet has made of measurements 
taken during a whole year, at the Plate Glass Company's works at 
Blackwall, of the size of plates of glass in the red hot viscous, and 
in the cooled condition. These gave a contraction of 0'537o* ^^ 
one also assumes in this case a difference of temperature of 800° C, 
and a co-efficient of linear expansion for solid plate glass of i-nr? ^^ 
0*0009 per 100° C, the linear contraction of solid glass on cooling 
would amount to 0'72°/,, a small expansion would therefore have 
occurred on actual solidification. The question whether expansion 
or contraction occurs with silicates in passing into the crystaUine 
condition has not yet been determined by experiment. It can 
hardly be decided by melting crystalline masses, for according to 
experience with such melting a great loss of weight takes place 
through volatilization. It is probable that the change of specific 
gravity on crystallization is as different with the different silicates 
as with other crystals, in which according to yet unknown laws^ 
sometimes expansion and sometimes contraction takes place. 

It follows from the above, that the assumption upon which 
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Thomson based his calculations, viz., that a diminution of volume 
of about 20**/, occurs, when a silicate passes from the fluid to the 
solid condition is not admissible. The contraction occurs when 
passing into the amorphous condition entirely, and when passing 
into the crystalline condition, at least certainly for by far the greater 
part during the conversion from the thin fluid to the viscous state. 
Thomson^s calculation does not therefore prove as he assumes that 
the earth must have become solid in the interior by pressure, but 
that it must thereby have become either viscous or plastic. 

This viscous condition, which quartz and silicates rich in quartz 
assume on cooling, and according to Thomson's calculations 
through pressure, makes it also explicable, that a solid crust could 
be formed out of heavier material, on the still fluid earth. When 
the cooling was so far advanced, that a solidification of the outer- 
most layers of the earth ellipsoid became possible, they then passed 
into a viscous state, which would be favoured by the fact that 
water, carbonic acid, and other volatile bodies were evolved from 
it in the form of gas. These heavier layers must have sunk into 
the thin liquid magma, and thus have become according to 
Thomson's theory more viscous. There must therefore have been 
formed down to unknown depths a coherent viscous layer for the 
support and protection of the solid crust which next formed. 
This viscous plastic mass must on account of its mode of produc- 
tion have been riddled with layers and channels of lightly fluid 
magma, and so have abundantly allowed it access to the solidified 
crust and the surface of the earth. 

The assumption that such a condition still exists, is opposed to 
Thomson's result, that the existing tides absolutely require a solid 
condition of the earth. In this respect I must however refer to 
a factor which, as it appears to me, has been left out of account 
by Thomson. This is the time which must elapse until the 
maximum of the deformation of the earth's ellipsoid limited by 
the attraction of the moon and sun has taken place. With the 
prodigious dimensions of the earth, this time must have been con- 
siderable, especially if one assumes the interior of the earth to bcf 
viscous, as is likely, even according to Thomson's calculations. 
How slowly viscous masses yield to a pressure impressed on them, 
is proved by a ball of pitch or other similar viscous substance, 
which only fully yields after months to the pressure caused by the 
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earfcVs attraction on it, and flows down into a cake. Even if the 
earth consisted of perfectly elastic material, the liquid ellipsoid 
could only be fully completed after the lapse of a certain time, as 
also follows from the consideration, that sound in water would 
occupy two hours to pass from the centre of the earth to its 
periphery. Yiscous masses transmit sound only in a very slight 
degree. It therefore appears likely that the earth tide (even if it be 
assumed that no considerable rigidity or elasticity is to be ascribed 
to the crust) remains so far behind the sea-tide with the rotation 
of the earthy that it can only exert a slight reducing influence 
upon it. 

With the view adopted by Thomson, that the earth had already 
become solid on the first formation of its outer surface, and that 
the volcanic outpourings of lava arose from hollows in the solid 
interior of the earth, in which non-solidified masses had remained, 
it is not comprehensible by what forces the lavas are raised to the 
level of the mouths of the craters. If it is also assumed that the 
enclosed lava, remained still unsolidified on the progressive cooling 
of the earth, because it consisted of silicates more easily fusible 
than the surrounding solid masses, yet it must always have become 
colder, and its volume must therefore have diminished in a higher 
measure than that of the hollows in which it was. If these are in 
communication with the atmosphere through the channels of the 
crater, no lava could have been driven out by progressive cooling, 
but on the contrary, air must have been drawn in. The entrance 
of rain-water could not have produced any upheaval of the lava, 
as it could either escape through the passage of the crater in the 
form of vapour, or the furtl^er entrance of water through the 
existing pressure of the vapour must have been prevented. Even 
more difficult of explanation according to Thomson's theory 
would be the formation of the several thousand feet of aqueous 
strata, which almost without exception cover the whole of the 
earth's surface. If the sea at first covered the whole earth, and 
on account of its high temperature must have exerted a much 
greater dissolving and destroying influence on its rocky substra- 
tum, this action could only have reached to a slight depth, as the 
strata deposited from the sea must have soon protected the 
primary rocks from further destruction. But it is quite incon- 
ceivable in what way there could have arisen the stratified deposits 
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qI variable composition, often amounting to many thousands, and 
uniformly covering wide stretches of land. Geologists formerly 
explained these strata, though inconclusively, by frequently re- 
peated risings and sinkings, by which a continuous diange between 
dry land and sea bottom had taken place. But quite apart from 
the question, by what force these risings and sinkings so frequently 
repeated could have been brought about, and why no portion of 
the earth's sui-faee had been forgotten in this see-saw, the thick- 
ness of the sedimentary strata is not explained by this hypothesis. 
For even if a sedimentary stratum was formed of sufficient thick- 
ness to protect the primary rock lying under it from further 
disint^ration, at the next upheavals these deposits were again 
destroyed by rain-water and reconveyed to the sea. A further 
considerable increase of the sedimentary strata could therefore no 
longer take place. To explain their formation and especially their 
stratification, their origin must necessarily be sought in the interior 
of the earth. If after the formation and gradual cooling of the 
crust, the sea were still combined for the most part with the 
magma, as was formerly considered probable, then watery magma 
must have been conducted through innumerable craters to the 
shallow sea still covering the whole earth, the dissolved or soluble 
substance of which the sea-water took up, to diffuse it by its 
currents, and then to employ it for the production of sedimentary 
strata. Only when the sediment had for the greater part been 
deposited, did the continents begin to be heaved up, and further 
transformations of the portion of the now dry upper surface could 
now take place through the influence of rain water, and further de- 
posits kept up by organic life on the sea bottom. As crystalline 
deposits must also have been separated out of the gradually cooling 
magma on the inner surface of the crust of the earth, the water con- 
tained in it would be so much the poorer in solid and dissolved sub- 
stances the thicker the earth^s crust had become, and the more slowly 
cooling took place. On this ground it is likely that the period of 
the fiisible mud volcanoes was followed by another period of hot 
springs, which continually warmed the sea, and thereby made 
organic life possible in the highest latitudes. As finally also Uiese 
springs dried up with a few feeble exceptions, and sea and atmo- 
sphere had gradually cooled down in the higher latitudes, the 
warmer sea in the lower latitudes must have produced by its greater 
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Taporization strong precipit4i(iC8 which forced down its temperature 
and called forth the glacial period.* Only after the heating influ- 
ence of the interior of the earth had almost entirely disappeared 
could the present climatic influences arise. 

The period of the separation of the sedimentaiy masses through 
eruption of magma containing water and carbonic acid mnst have 
been accompanied by an increased diminution of the volume of 
the fluid or plastic interior of the earth. Mallet had already 
flhown that this diminution, of volume which he ascribes only to 
the cooling by heat conduction of the still thin crust of the earth, 
and not simultaneously to the loss of substance of the interior 
of the earth by separation of the greatest part of the sea and of 
the sedimentary masses, must have forced the crust of the earth by 
folds, raising of mountains, and crushing of rocks in its weakest 
points, to again join the plastic nucleus. In fact one can only 
explain these geological phenomena with Dana and Mallet by the 
action of forces working tangentially in the crust of the earth. 
The solidity of the crust of the earth and its reaction against 
the fluid or at any rate plastic interior is very slight even under 
the most favourable assumption, considering the great diameter of 
the earth. Assuming that it consists of a homogeneous mass of 
basalt without cracks or weakened places of 100 kilometres in 
thickness, and that the absolute as well as the reacting strength of 
the basalt is 2000 kilogrammes per square centimetre, then the 
pressure this envelope exerts on the nucleus is about 30,000 atmo- 
spheres. If it be further assumed for the sake of simplicity that 
the earth is a ball with a circumference of 40 million metres, then a 
great section through the solid part of the hollow ball would give a 
cross section of 4 x 10^ x 10^ x 10* or of 4 x 10^^ square centimetres. 
The absolute strength of the cross section would amount to 
8x10^^ kilogrammes. To burst the ball, there must be a pressure 
in the interior, exerting a greater pressure on the cross-section of 
the whole ball. As one atmosphere exerts a pressure of about one 

* DoTe has already pointed out that greater precipitates reduced the 
temperature of the latitudes near the polar regions, to account for the greater 
extent of the ice region of the southern hemisphere. As through the 
increased precipitate in the atmosphere more latent neat becomes free, it will 
bring about an extension of the cold zone at the expense of the cold of the 
higher latitudes. The polar temperature must have been higher in the 
glacial period than now. 
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kilogramme on each square centimetre, and as the cross-section of 

, , , , ,, . (4x107)3x10* 4x10^8 .. . 

the whole earth is ^ = square centimetres, 

4w IT 

8 10^^ 
the numher of atmospheres for equilibrium is -x — ^ n-=20iror 

62*8. An increased pressure of 63 atmospheres, or the pressure of 
a column of molten rock of about 250 metres, would therefore 
suffice to burst the solid covering of the earth on the supposition 
made, and an equal reduction of the opposed pressure of the fluid 
mass would suffice, to toss it together, or to crush it at its weakest 
points, or to heave it up, in the line of least resistance in the form 
of enormous sheets as continuous chains of mountains.'^ Mallet 
now assumes that this crushing of the crust of the earth in con- 



* Tlie above assumption that the resistance to pressure is equal to the 
absolute resistance, is evidently not exactly correct. The first must probably 
be assumed to be considerably greater, but quite inconsiderable compared with 
the immense tangential forces which make their appearance by partial removal 
of the counter pressure of the fluid interior of the earth in the earth crust, 

liesilience, or the resistance which bodies oppose to crushing stress, still 
forms an obscure branch of mechanics. The nature of the active resisting 
forces is neither clearly defined, nor do absolute experiments exist applied 
according to the same method to the same material, from which a proportion 
or dependence between the absolute rigidity and resistance to pressure can be 
deduced. Existing experiments on the resistance to prcssui'c of stone have 
been in part veiy incon*ectly made. For instance, in the geological text- 
book of Pfaff * exi)eriments are quoted which show a quite excessive resistance 
to pressure for stone. Chalk should, according to it, bear a pressure of 
21,800 atmospheres. The fault lay in the stone to be crushed having a much 
greater surface than the compressing stamp, so that the force required to 
burst apart the surrounding uncompressed material was not taken into 
account. 

As is well known, elastic bodies offer an equal I'esistance within their limits 
of elasticity to a small expansion and compression. This makes it likely, 
that a more real difference does not exist, where the limits of elasticity are 
exceeded, where the body is therefore split or crushed. One can now set the 
]>roblem of determining the load, which a cylinder most favourably loaded in 
the direction of its axis is able to bear ; when only the force, with which the 
pieces hold together, therefore the absolute rigidity is really to be considered 
as acting. 

Let A B be a very thin, cylindrical disc of hard, homogeneous and elastic 
material, which lies without friction on a fixed level plane, and a the co- 
efficient of absolute rigidity of the layer. If a concentric ring of internal 
radius a;, and external radius x+c'x is uuiformly loaded, it will be compressed, 
and exert a side pressure inwards and outwards corresponding to the load. 
The former will tear the surrounding ring asunder if the pressure on the 
plane of section of the whole ring is greater than the absolute strength of 
the waU of the ring. Then as the thickness of the ring does not enter into 



Universal Geology as an exact Science, by D. F. Pfaff, p. 302. 
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Beqnenoe of the cooling and contraction of its nuclens has brought 
about the present formation of the earth^s surface not only at 

the calculation, there would be equilibrimn if z represents the pressure 
requisite for equilibrium on tlie unit surface of the ring. 

"When s X a? = (r-jc) a 

X 

The pressure d P bearing on the surface of the ring 2xw x dxisitV repre- 
sents the total pressure 

X 

the integral, taken between the limits r and gives 

P = ar«». 

The crushing of such a disc, supported equally without friction, would 
therefore require with regular loading exactly as much force as its tearing. 
With a uniform loading of the surface, the outer ring would break earlier, its 
resistance to pressure would therefore be less. A more correct expression for 
the resistance to pressure would, according to this calculation, only be obtained 
if the side pressure which a pressed piece exerts is equal to the pressure itself 
as in fluids, which is however not the case. As, however, the side pressure 
is less, and dependent on the nature of the material, the resistance to pressure 
must be greater than given by the above calculation. But the calculation 
shows that the resistance to pressure is dependent on the distribution of 
pressure on the upper surface of the compressed body, and explains why 
experiments on resistance to pressure gave such dissimilar results. 

The resistance to compression is very much modified bv the formation of 
vaults in certain cases. A hollow ball with equally thick homogeneous walls 
may be assumed to be a perfect arch. If a uniform external pressure is 
applied to it, it will be compressed correspondinglv to the j^ressure without 
breaking. This follows from the consideration that a giving way of the 
molecules of the shell of the ball towards the outside cannot occur, as they 
will be uniformly held back in their places everywhere by the external 
pressure. Neither can a giving way take place towards the interior, as with 
this, on account of the concavity of the inner surface, a nearer approach of 
the molecules to one another, and therefore a greater local compression occurs 
than corresponds to the external pressure. The result of the external 
pressure can therefore onlv be a uniform reduction of the diameter of the 
hollow ball dependent on the pressure. If, on the other hand, the spherical 
shell is compressed by internal instead of external forces, these considera- 
tions do not hold good for the outer surfaces. In this case an unhindered 
giving way of the molecules can take place through the resulting tangential 
forces. The throwing up of portions of ' the crust of the eartii by such 
preponderating tangential pressure must therefore have taken nlace externally 
and not internally. It hence follows that channels can reacn down to the 
lowest depths in the mass of rock without being compressed. It is not, 
however, necessary that they should be circular in section, because the 
surfaces of greatest resistance or the arch surfaces are spontaneously formed in 
the surrounding rock walL It further follows that there can be no question 
of an arch formation of the greater part of the solid crust of the earth, 
through which, according to the opinion of many geologists, the foi*mation of 
great hollow si>aces beneath it is best explained. The very basis for arch 
formation is al^ent, a uniform pressure working on the outer surface. 

VOL. I. z 
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earlier periods, when the cooling took place more rapidly on account 
of the slight thickness of the crast, but also that this activity still 
continues and that the work performed in the pressing together, 
crushing or displacing of the rocks in the line of least strength 
combined with friction is transformed into heat and causes 
a local fiision of the rock, the products of which then partly 
appear as an outflow of lava from volcanoes. Eoth has already 
brought forward, that these displacements and crushings must 
have taken place slowly at great intervals of time, and hence coald 
not have produced the heat necessary for melting the rock. It 
would moreover be impossible to explain the great quantities of 
gas and water which the volcanoes discharge by means of such 
local heatings and fusions of the rock. 

But if now, as well on mechanical as geological grounds, the 
opinion of a complete solidification of the body of the earth must 
be rejected, and altered to the view that the interior of the earth 
still fusible, or at least still in the plastic condition, is surrounded 
by a hard crust of considerable thickness, it may be asked what 
forces heaved up the eruptive rocks in earlier periods, and at the 
present day threw up the lava to the mouths of high lying craters ? 
With the slight force of resistance of the hard crust which has 
been referred to, the idea of an over pressure of the fluid interior 
must be altogether abandoned for there is no cause, with 
the continually proceeding cooling, which could bring about 
such a pressure, and besides the least over pressure would be 
at once equalized, through yielding of the crust so little able to 
oppose internal pressure. But it farther follows, that the crust is 
everywhere, at least at all great sections supported by the under- 
lying fluid or plastic mass, that accordingly hydrostatic equilibrium 
must exist everywhere in the earth. Now the easily fusible, 
alkaline, and water-holding lavas, which have remained in com- 
paratively narrow channels and hollow spaces, between the viscous 
aggregated silicate masses, and forming the basis of the hard 
crust, must have a less specific gravity than the earth's crust and 
the viscous silicate masses. If, therefore, a channel is opened 
through fissures in the just solidified lower layers of the hard 
covering to the still existing old channels leading to the upper 
surface, the lava in them must rise up until the hydrostatic 
pressure is balanced, or the channel is again stopped up by the 
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viscons matter pressing onward. This forcing up of the fluid 
matter through hydrostatic pressure will be considerably augmented 
in the higher lying portions of the crater by vapour and gas which 
are released from the lava by the reduced pressure. A more 
difficult question to answer still remains, how new eruptive 
activity can occur, if the opening of the crater is filled with cooled 
lava from the preceding eruption ? The matter is not alone to be 
explained by newly arising fissures, which open new channels from 
the earth's interior to the crater channel, although they assist to a 
certain extent. A melting heat is certainly necessary in order to 
open the old channel filled with solid lava, which cannot be 
derived from the melting lava freshly coming up from below, for 
this itself would soon be thereby consolidated. A fairly satis- 
factory explanation of the phenomenon that the old lava channels 
again open, may, however, be found in the fact that the lava by 
its hardening from the then fluid condition shrinks by about 
one-tenth of its volume, and that the viscous condition it thereby 
takes hinders it from sinking again in the crater channels. It 
mil, therefore, frequently split in hardening, and permit the 
passage after hardening of- combustible gases and heated steam, 
which press out anew from within. These, partly by the giving 
up of their own heat, and partly by the heat generated by com- 
bustion of the gas with air drawn in from above or sideways, 
will cause the fusion again of lava remaining behind from 
earlier outbreaks, and thereby bring about another period of 
eruption. 

The first inducement to a new eruption will, as already men- 
tioned, be caused by ever newly arising cracks in the deep layers 
of the crust in the neighbourhood of the crater. The circumstance 
that outbreaks of dormant volcanoes are almost always announced 
by earthquakes is further evidence. That it is exactly in the 
neighbourhood of volcanoes, be they active or extinct, that 
frequent earthquakes occur, does not, however, prove that earth- 
quakes are the consequence of volcanic activity ; the opposite 
may probably be assumed, that districts where earthquakes 
frequently arise favour volcanic activity. There can be no doubt 
that frequent rents must take place in the later rock formations of 
the interior crust. These deposits will vary in nature according 

to the local condition of the magma from which they are separated. 

z 2 
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Their co-efficient of contraction must therefore also vaiy. Local 
tensions mnst therefore occur as the cooling of these lower 
layers proceeds, which must lead to rents in masses which shrink 
more than others enclosing them. This cracking is further 
promoted by these later rocks being firmly connected with the 
older crust, which, already split into chinks at previous periods, is 
now subject to smaller differences of temperature. As of two 
glass plates melted together, that one must be torn asunder which 
is most contracted on cooling, so the more recent rocks must crack 
on cooling. The formation of such rents, perhaps extending over 
great distances, and forming wide gaps, must necessarily be 
perceived as earthquakes on the surface, which must be so much 
the stronger the older is the split rock, the nearer therefore the 
ruptures approach the surface. Ruptures from the same causes 
can also arise under certain circumstances in the upper sedi- 
mentary strata of rock. A rupture once produced will, as a rule, 
have many others in its train, until elastic equilibrium is restored 
and the fissures are again filled up by the neighbouring deeper 
lying layers under the existing pressure. 

It is to be assumed that such ruptures are specially promoted 
in volcanic districts exposed to frequent earthquakes through the 
nature of the rocks and of the surrounding rock masses. Fre- 
quently local dislocations of the earth^s crust brought about by 
tangential forces in consequence of continual reduction of the 
volume of the fluid nucleus may be the cause of the tearing of 
the layers of rock. 

The cause of volcanoes may hence be considered as being in 
strata of rocks already much split, and disposed to further 
cleavage, into which extends the crater passage, probably also 
running into numerous ramifications. The older fissures are 
filled with viscous magma pressed in and difficult to melt, subse- 
quently hardened by cooling. Owing to newly-formed fissures 
which again cause others, fractures may arise, which by the for- 
mation of dome-like arches would be sheltered from the pressure 
of the masses of rock lying above. The plastic magma freed 
from pressure penetrates into these, whilst the thinly fluid lava 
enclosed in it as well as the freed vapours and gases, rush on in 
front. If at the same time a communication with the crater 
passages leading to the upper strata is set up through the new 
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fissures, the latter commenoe their heating and melting activity, 
whilst they escape through the fissures of the older filling of 
the crater passage, until at last the lava collected over the plastic 
magma is driven up into crater passage again opened, through the 
hydrostatic pressure which is exerted on it ; whether it reaches the 
mouth, and appears to view, depends on the quantity of thinly 
fluid lava collected, also on the height of the volcano and the 
specific gravity, and amount of gas and water in the lava. Some 
of the very lofty volcanoes eject no more lava, but only throw out 
strong flames and water. In them the hydrostatic equilibrium is 
already restored by the existing condition of the lava, before the 
column of lava arrives at the top of the crater. This may be the 
reason why still active volcanoes lie for the most part in or near 
the sea. 

But if the mechanism of volcanic activity, and many other 
geological circumstances, may be explained in a fairly satis&ctory 
way by the assumption of a solid earth crust floating on a fused or 
plastic mass, a fact yet remains which can only be brought into 
harmony with this hypothesis by the introduction of an altogether 
new assumption. This is the considerable elevation of continents 
above the sea bottom, and the still existing secular rising of many 
stretches of land. The height of the table land of Asia above 
the bottom of the Pacific Ocean can be estimated at least at 
12,000 metres, aiid if the weight of sea water reduced to that of rock 
is taken into account may be estimated at 10,000 metres. This 
represents a difference of pressure of about 1,000 atmospheres. 
It appears inevitable, with the slight strength of the crust of the 
earth referred to, that the table land of Asia and the surrounding 
continent must have sunk to the position of equilibrium, and the 
bottom of the sea must itself have been raised. If the assumption 
of a fused interior of the earth cannot be abandoned, it must be 
assumed that the necessary hydrostatic balance is furnished by 
the difference in the specific gravity of the rock of which the 
continent and sea bottom is formed, that the sea bottom is there- 
fore of heavier rock than the continents, or that the half fluid 
mass found under the solid crust has such a thickness and such a 
different specific gravity that the difference of pressure is equalized. 
The secular rising would then be the local consequence of this 
difference. 
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ON THE DEPENDENCE OP THE ELECTRIC CON- 
DUCTIVITY OP CARBON ON TEMPERATURE.* 

MatthiessenI first drew attention to the remarkable property 
of carbon of conducting electricity better at high than at low 
temperatures. Por the best conducting and at the same time 
hardest and heaviest form, viz., gas retort carbon, which is pro- 
duced by the disintegration of overheated illuminating gas, and is 
deposited on the walls of the retorts of gasworks, he found the 
specific conductivity 0*0236 (mercury being the unit) at 25° C, 
and between 0"* and 140'' a diminution of the resistance by 
0*00245 per degree Centigrade. 

Beetz found the fact of the increase of conductivity with rising 
temperature to obtain only for so-called artificial carbon which is 
moulded from coal-dust with a small binding addition of tar or 
syrup, and then heated, whereby the sugar is separated into 
escaping gas and carbon, but not for carbon rods cut from retort 
carbon. With these he was unable to observe any increase of 
conductivity with increase of temperature. The increase in con- 
ductivity of so-called artificial carbon, Beetz explained by more 
powerful pressure which the loosely aggregated particles must 
exert on each other when expanded by heating. I have often 
myself had the opportunity of proving by means of experiments 
made elsewhere that Matthiessen's statement was correct. All the 
more remarkable therefore to me was the result of a recent work 
of Pelix Auerbach, brought by Riecke before the Royal Society of 
Science of Gottingen in January, 1879, wherein it is stated that 
gas retort carbon behaved as regards its electric conductivity like 
metallic alloys, as its resistance increased with ascending tempera- 
ture in an increasing proportion. That so exact an experimenter 
as Matthiessen could have been so completely at fault I could hardly 
believe, although Beetz also could observe no increase in the 
conductivity of gas retort carbon. On the other hand, Auerbach*s 
experiments were evidently made with care and with good instru- 
ments. Unfortunately none of the three observers had described 

^ Monthly Report of the Berlin Academy of Sciences of 5th January, 1880 
+ Pogg. Ann. Vol. CIIL, p. 428. 
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iheir experiments with sufScient detail to enable one to discover 
by critical examination the cause of the difference in their results. 
In the general arrangement of Auerbach's experiments, the only 
essential points to be criticised were the way in which the carbon rods 
were heated and their small resistance. The uniform heating to a 
determined temperature of rods 122""* long and 6°*" thick could 
only be carried out with difficulty in a chamber full of air. From 
the description of the experiment it cannot be found out how the 
heating of the air was brought about. The supposition that the 
temperature of the rod agreed with that of the thermometer, when 
no further change of resistance was to be observed on the galvano- 
meter is hardly permissible for exact measurements. As only the 
means of several measurements at each temperature are given 
without specifying the deviations of the separate measurements 
from one another, the correctness of the temperatures given for the 
carbon rods cannot be controlled. Anyhow the agreement of the 
observed and calculated results is great enough to exclude the idea 
that the final result of Mr. Auerbach's measurement could only 
depend upon errors of observation. As an unequivocal determina- 
tion of the question, whether and to what extent the resistance of 
carbon increases or diminishes with variations of temperature is 
not only of great scientific interest, but also possesses great 
technical importance, I determined on a complete examination 
of it. 

I had prepared cylindrical carbon rods of various lengths and 
diameters. These were electrolytically coppered at the ends for a 
distance of 15"™. The wires of a copper strand were laid on to 
the coppered ends and bound round a few times with fine copper 
wire to fasten it to the carbon. The carbon end so prepared was 
then put back into the copper solution, and so much copper 
deposited on it that the copper wires were cemented firmly to the 
first copper covering, and therefore also to the carbon. The 
heating of the carbon prepared in this way was carried out in a 
bath of non-conducting liquid. For low temperatures up to 60° C. 
I used heavy petroleum ; for temperatures up to 270° C. melted 
paraffin. The liquid was placed in a trough of tin-plate, and 
could be heated by means of a burner placed below it, or cooled 
by placing the trough in snow. The trough, about 260"" long, 
75"" broad, and 80"" high, was covered with a slate slab, in which 
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were fitted two copper bolts with suitable terminals attached at 
both ends. Into the lower terminals the copper ends of the 
carbon were fixed, and for greater safety soldered to them. By 
means of the upper terminals of the slate cover of the trough, 
the carbon was connected up to a bridge arrangement, which 
consisted of two exactly adjusted 'resistances in the ratio of 1 to 
100, and a resistance box by means of which resistances from -^^ 
to 10,000 units could be inserted. A very sensitive mirror galvano- 
meter was employed with four coils and a pair of astatic needles. 
To control the arrangement and judge of its sensitiveness, as well 
as of the exactness of the measurements, a second resistance box 
was next inserted in place of the carbon ; and it was proved that 
when balance was obtained, the resistances of the two wires were 
always in the ratio of 1 to 100, when the resistance of the leading 
wires which was 0-033 of a unit was taken into account. The 
insertion of ^^th of a unit in the large branch of the bridge, 
above or below the balance, produced a deflection of the mirror of 
about 20 divisions of the scale, when 1 unit was inserted in the 
smaller branch of the bridge. The temperature of the bath was 
read off by means of two accordant Feuss thermometers, of which 
one was arranged to read temperatures from — 30° to + 70°, with 
divisions of 0*1 degree, and the other temperatures from 10" to 
800', with divisions of 1°. The thermometer was introduced into 
the bath by means of a slot in the side of the slate cover, which 
allowed of its being moved to and fro in the neighbourhood of the 
carbon rod throughout the whole length of the bath ; so as to 
bring about its uniform temperature, aud the correspondence of 
the temperature of the thermometer and carbon. It was easy for 
me in this way to produce any desired temperature, and to main- 
tain it until my son Wilhelm who assisted me in these experiments 
had finished plugging the comparison resistances. It was usual to 
measure temperatures from 0° to 250° with the same piece of 
carbon one or more times in an ascending and descending cycle. 

The resistance of the leading wires amounted in all the measure- 
ments to 0*033 unit, and is subtracted in Column 4 from the 
resistance read off in Column 3. 

In Column 8 the percentage increase of the conductivity between 
two consecutive measurements is calculated for each degree of 
temperature. The measurements of the same carbon differ con- 
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siderablj from one another on different days, which is partly ex- 
plained by variations in the temperature of the room, whereby the 
ratio of the resistances of the branches of the bridge was somewhat 
altered. Exact experiments at temperatures higher than 270** 
(which can still be obtained with a paraffin bath) are difficult to 
cany out, as sure methods of heating and exactly determining the 
temperature of the carbon are wanting. In order however to 
satisfy myself as to whether the resistance of the carbon diminished 
regularly up to red-heat, I had a copper tube prepared about 
200"" long and about 20"" internal diameter. The carbon rod 
was kept suspended pretty well in the middle of the copper tube, 
by fixing its coppered ends into two pierced gypsum stoppers. 
The copper tube thus arranged was laid in a small Ghamotte 
furnace, and heated by means of a charcoal fire burning 
uniformly in it. The resistance of the carbon at the temperature 
of the air before heating was 1*452 unit. The resistance contin- 
uaDy diminished during heating. When the copper tube was heated 
to such a temperature that small pieces of tin placed upon its 
Bur&ce melted, the resistance was about 1*875 unit, and when zinc 
melted it was 1*298 unit. If the fusing point of tin is taken at 
280* C, and that of zinc at 423° C, then the temperature of the 
room being 20' C, this gives the percentage increase of conduc- 
tivity between the temperature of the room and that of fusion of 
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tin as 0*00025, and between this and the fusing point of zinc aa 
0*00029 for each degree of temperature. Probably the carbon had 
not fully attained the temperature of the tube. The heating was 
afterwards continued to a dark red-heat of the copper tube. The 
i*esi6tance of the carbon changed very irregularly and uncertainly. 
When the temperature of the tube was maintained for some minutes 
at a red-heat, it became constant at 1'800 unit The carbon wajs 
then quickly removed from the furnace, and the tube quickly cooled. 
In this way the resistance of the carbon steadily increased until 
when the tube had again returned to the temperature of the room, 
it remained steadily at 1 '685. The important increase of resistance 
observed after the carbon had cooled compared with that at the 
commencement of the experiment may be ascribed to the circnm* 
stance that the oxygen remaining in the tube consumed a portion 
of the carbon, and had thereby permanently increased its resis- 
tance. The increase of resistance during the slow heating from the 
temperature of melting zinc to red-heat points to the same con- 
clusion. During the rapid cooling from this temperature to that 
of the room no further combustion of carbon could occur. If red- 
heat is taken at 900 C, the increase of resistance during cooling 
gives a percentage diminution of the conductivity of 0*00083 
per degree, an agreement with the values found for lower tempera- 
tures, which considering the uncertainty of the temperature taken 
is only accidental. From this value it may however be con- 
sidered as proved that the conductivity of carbon increases up to 
red-heat. 

The circumstance that I, like Matthiessen, connected the ends 
of the carbon with the connecting wires by an electrolytic deposit 
of copper, whilst Auerbach effected it by dipping the ends of the 
carbon into melted solder, and allowing them to cool in it, made 
it appear probable to me, that in this is to be sought the chief 
cause of the incorrect results of the latter's experiment. I have 
already in 1860* referred to the observation, that metal wires, when 
dipped into a mercury bath without being previously amalgamated, 
showed a surface resistance which was evidently due to a badly 
conducting air-film condensed by molecular attraction, on the 
outer sur&ce of the metal through which the current had to pass. 

* Pogg. Ann. Vol. CX., p. 11. 
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Afi the carbon rods which Anerbach used were comparatively thick 
for their short lengths (abont 16°^°^ sqnare), and had consequently 
only a low resistance, the resistance of such a film of air must have 
exercised a considerable influence on the results of his measure- 
ment, as it must be much stronger on the surface of the carbon 
than on metals, on account of the greater occluding power of the 
former. In proof of this conjecture I broke a carbon rod, which 
had abready served for measurements, and showed a decided in- 
crease of conductivity with increasing temperature, 20™^ from the 
coppered end, and dipped the free end according to Auerbach's 
method into melted solder, to which after cooling the other leading 
wire to the bridge was firmly soldered. The result was a surprising 
one. The resistance of the carbon rod now about 10"°* long in- 
creased markedly with rising temperature. Another experiment 
with a longer carbon rod of which one end again was connected 
with the bridge wires by means of solder according to Auerbach^s 
method, gave increased conductivity with rising temperature, but 
its coefficient became much smaller. An exact measurement 
proved impracticable, as the resistance especially with high tem- 
peratures was too fluctuating. 

Lastly, a rod of gas retort carbon of square section, 120™™ in 
length and 63 sq.™™ in section had solder poured round its ends, 
and then the resistance was measured at different temperatures. 
The measurements were very irregular, yet a decided increase of 
resistance with rising temperature was to be observed. Then the 
solder caps were removed and the ends electrolytically coppered. 
Just as decided and regular a reduction of the resistance with rising 
temperature was now observed. 

By means of this experiment it is quite certain that by Auer- 
bach's method of pouring solder round the ends of the carbon no 
direct union of the carbon with the metal is obtained, that on the 
contrary (just as by the immersion of a non-amalgamated metal in 
mercury), a film of condensed air separates the carbon from the 
surrounding metal after the cooling of the solder, and that 
Auerbach's varying results are thus completely explained. 

This however does not yet decide the question whether the air- 
film increasing the resistance itself possesses the property of 
increasing its resistance with increasing temperature in the observed 
proportion. It may also be thought that the unequal expansions 
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of the metal and of the carbon brings aboat a loosening and con- 
traction, and reduction in the number of the actual points of 
contact between the carbon and the metal. That with electrolytic 
coppering a separating film of air does not occur is certainly to be 
ascribed to the circumstance that the liquid dissolyes the gas con- 
densed on the upper surface of the carbon before the precipitation 
of the copper begins. On this ground it is also to be recommended 
to 1x)il the ends of the carbon before beginning the coppering, or 
to allow it to stand for a short time in the heated coppering liquid. 
In place of coppering I have gilded the ends of the carbons with 
good results, in a hot solution of cyanide of gold. The copper 
leading wires were then metallically connected in the manner 
described with the gilded surface by means of a copper deposit. 

The following series of experiments was made with a round rod 
of carbon 2'43™™ thick,and 148™™ in length between the terminals, 
which was cut from a selected piece of very dense and fine grained 
Berlin gas retort carbon. In this as well as in the later series of 
experiments not only was the resistance more exactly measured, 
but the temperature was kept constant for a longer time than in 
the earlier experiments. (See Table A on the following page.) 

The specific conductivity of gas retort carbon is according to 
this 0'0136 at 0° C. (mercury = 1) and the coefficient of increase 
of conductivity 0*000345 per degree Centigrade. 

The so-called artificial carbon which is now specially used for 
the production of the electric light, is as a rule moulded from 
powdered gas retort coke combined with tar or concentrated syrup 
as the cementing material, and made hard and well conducting by 
repeated baking and soaking. Beetz f ouijid a considerable increase 
of conductivity with increasing temperature with this material, 
whilst he did not observe it with rods from retort carbon. It does 
not appear unlikely that the carbon from the decomposed tar or 
sugar which separates the particles of gas-coke, possesses other 
properties than gas retort coke, as the carbon reduced from solid 
hydrocarbons retains hydrogen persistently even when highly 
heated, and then becomes a very bad conductor, like for instance 
charcoal which has not been heated hard enough and long 
enough. Such a badly conducting intervening layer could also 
specially afTect the coefficient of increase of the conductivity. 
Experiment however has not yet made this clear. Two different 
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artificial round carbon rods made in France were fitted with leading 
wires in the manner described, and their resistance measured at 
different temperatures, with the results given in the following 
table. (See Table B below.) 
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It consequently follows that the artificial carbon rods made by 
pressare out of coke powder, like those cut out of gas retort carbon, 
show a great increase of conductivity with increasing temperature, 
and that the increase is not quite so great as with gas retort 
carbon. 

The different results obtained by other observers are probably 
also to be attributed entirely to defective connection of the ends. 

In the experiments described no decided increase or diminution 
of the coefficient of increase is apparent I hesitate all the more 
to express any decided opinion in this respect from the measure- 
ments given ; as they have not given in general such decided and 
certain results as the method employed led me to expect. It must 
be left to a closer investigation to decide whether these irregu- 
larities, hitherto unaccountable, are to be sought in that the con- 
ductive connection is not to be considered perfect even with 
electrolytic coppering, or in that carbon is affected by similar 
influences as alter the conductivity of selenium. The explanation 
which Beetz has given for the phenomenon of the increase of conduc- 
tivity of carbon with increasing temperature, could only be applicable 
to carbon powder or loosely aggregated carbon, enclosed by solid 
walls expanding less than the carbon. As the whole volume of a body 
expands in the same proportion as that of its parts, an increased 
pressure of the parts with uniform increase of temperature cannot 
occur with non-enclosed bodies. Beetz in support of his hypothesis 
appealed to some experiments he had made with metal filings. 
Their resistance diminished both with external compression and 
heating. That this must occur, if a compression of the powder 
actually takes place there can be no doubt, and experiment fhlly 
confirms it. If the powder were partially enclosed by the walls of 
the vessel, a reduction of the resistance might very easily occur. 
The air condensed on the outer surface of the particles of the 
powder may very likely have had some influence. The conclusion 
from the powder cannot however be carried back to coherent masses 
without enclosing walls, like moulded carbon. A simple experi- 
ment shows that even a great pressure does not alter the conduc- 
tivity of moulded carbon. If the ends of a cylinder of carbon are 
provided by means of electrolytic coppering with reliable soldered 
connections, and the carbon rod is exposed to powerful pressure in 
the direction of its axis, the resistance does not change in the least, 
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even when the pressure is increased till the carbon is ruptured. This 
shows that well impregnated and baked moulded carbon is to be 
looked upon as a hard if still porous body, and not as loosely aggre- 
gated moveable powder. This holds good in a much higher degree 
with unpowdered solid gas retort carbon. The production of this 
carbon proceeds in a similar way to the electrolytic separation of 
metals, viz., as we have already stated, the carbon in immediate 
contact with the surfaces of the retort walls becomes free, and at 
^he moment of becoming free joins together by molecular attrac- 
tion. Gas retort carbon is hence not to be looked upon as powder 
baked together, but as a solid mass of carbon. That the specific 
weight of gas retort carbon is different is rather to be ascribed to 
the inclusion of little hollow spaces, and foreign solid bodies than 
to a difference in the mass itself. The general property of carbon 
of conducting better at high temperatures must hence be looked 
upon as a property of the material itself of the carbon and not as a 
consequence of its structure. 

Analogous to this behaviour of carbon is that of electrolytes, 
among which, accordiug to Hettorf, copper sulphide and other 
solid compound bodies are to be included — and of the simple 
bodies selenium and tellurium. The latter becomes non-conduc- 
tive when quickly cooled from the molten condition as does the 
diamond. If it is heated to 100** C, it becomes crystalline and 
then conducts electricity like carbon, in such a way that its con- 
ductivity increases with increasing temperature. Selenium loses 
latent heat by heating to lOO"" C. ; it is hence probable that this 
disengagement of latent heat has made it a conductor of electricity. 
If quickly solidified so-called amorphous selenium is heated near 
to its melting point, t.0., to over 200"* C, and maintained for some 
time at this temperature, it loses still more latent heat, and then 
becomes, as I have shown,^ much more conductive. It now con- 
ducts electricity like a metal, that is its conductivity diminishes 
with increase of temperature. It hence appears likely that the 
property of crystalline selenium still retaining latent heat, of 
conducting electricity like the electrolytes and carbon, viz., 
that its conductivity increases with temperature, depends on 
its retaining latent heat. As latent, like free heat, causes a 

 Pogg. Ann. VoL CLIX., p. 127. 
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hindrance to electric conduction, or is very likely the cause of 
electric resistance, and as the stability of allotropic conditions 
which hold latent heat, diminishes or is quite lost through heating, 
when the latent heat disappears, the obstacle which the latter 
opposes to the passage of the electric current becomes less with 
increase of temperature. The better conductivity of carbon at 
high temperatures can hence be explained as in the case of 
crystalline selenium by assuming that like it carbon is an allotropic 
modification, containing latent heat, of a hypothetical metallic 
carbon. 

There is also in favour of this assumption the behaviour of the 
carbon rods, between which an electric arc passes. The electric 
light has its seat, as is known, in the brightly glowing surfieuse of 
the positive carbon. From this the carbon is carried to the 
negative pole. If two carbon rods which are not too thick are 
placed about 1°^°» from each other, and a very strong current is 
allowed to pass between them, a quick passage of the carbon is 
observed from the positive to the negative pole, and the latter 
increases as quickly as the other diminishes. The consequence 
is that the intervening space moves forward without becoming 
notably greater. This is explained by the fact that the carbon 
during its transport through the arc cannot bum, since the narrow 
space between does not admit of the penetration of air or only in 
very small quantity. The electric arcs working with direct current 
require to be so regulated that the arc is exactly of the right 
length to bum all the carbon carried over. In this case it can 
be clearly seen by the use of a dark glass, that it is the frequently 
changing position of the positive carbon surfaces, from which the 
electric arc proceeds, which are so brilliantly luminous. It is 
therefore not, as is often assumed, the striking of the pieces of 
carbon torn off and carried by the arc upon the negative pole 
which actually produces the light. This production of heat at 
the point of separation of the loosened from the solid carbon can 
only be explained by the carbon being carried through the electric 
arc in the metallic form, that consequently the latent heat of the 
carbon is set free at the point of separation, and this is conse- 
quently highly heated. 
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CONTRIBUTION TO THE THEORY OP ELECTRO- 
MAGNETISM* 

The question that induced me to take up this enquiry was what 
influence the magnetism already existing in the iron of an electro- 
magnet, or produced simultaneously in another sense by external 
forces, exerted on the amount of the magnetization. 

Ampere's theory demands the adoption of such an influence, 
if, with Wilhelm Weber, one supposes that magnetism, in con- 
formity with Miiller's experiments, always fully exists in magnetic 
bodies, although in limited quantity. But if there is only a limited 
number of elementary magnets, or of equivalent solenoids, in the, 
iron, a magnetizing or directive force cannot have the same effect, 
if a directive force acting vertically to it, simultaneously acts 
Totatively on the elementary magnets. For maximum magnetiza- 
tion this directly follows from the consideration that two forces, 
Tictin^ simultaneously on a mass of iron, which tend to magnetize 
it in two directions at right angles to one another, can always be 
replaced by a third force acting in the direction, and with the 
strength, of the resultant of these forces. The magnetization of 
the mass of iron must therefore take place in the direction of the 
resultant of the magnetizing forces, and must attain its maximum 
in this direction. The magnetic moment of the elementary 
magnets, pointing in the direction of this resultant, must therefore 

amount to >/i, in the direction of the effective forces here assumed 
to be equal. This must at least be the case when the magnetized 
iron body is a sphere, and the maximum of magnetization in the 
direction of the resultant of the forces is actually reached. For 
masses of iron of various dimensions, this consideration becomes 
•complicated by the difference of the mutual reinforcement of the 
magnetism which the magnetized iron molecules exert on one 
another, to which I will recur later. 

This deduction from the Amp^re-Weber theory is not yet con- 
firmed by experiment so far as I know. This is partly due to the 
circumstance that the process of magnetization of magnetic bodies 

* Monthly Report of the Berlin Academy of Sciences, 23 June, 1881. 
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is not jet made altogether clear in all directions, so that the ex- 
perimental determination of a precise question is rendered very 
difficult, partly however in this particular question because it is 
difficult to elipiinate the disturbing influence of the powerfiil 
magnetizing forces themselves on the measurement of a determined 
magnetic moment of the iron. To do this, it was necessary to 
make use of electro-magnets of special form, with which both the 
magnetizing force and the magnetism engendered by it in the 
iron in the one direction, was without influence on the indications 
of the measuring apparatus with which the magnetization in 
another direction was measured. 

This condition is fulfilled by the use of a straight iron tube, 
which is so wound with insulated wires parallel to the axis, that 
the inner and outer wall surfaces of the tube are uniformly covered 
with parallel wires. Such a longitudinal winding — as used in the 
Pacinotti ring frequently employed in electric work — ^when 
traversed by an electric current, causes a magnetization of the 
whole wall of the tube at all points in the direction of the tangent 
to the tube, so that the tube represents a closed ring magnet. As 
KirchhoflP* has shown, such a closed ring electro-magnet exerts no 
external action. As regards the axis of the iron tube this follows 
from the consideration that all parts of the wall of the tube, as 
well as the longitudinal windings, lie synmietrically with respect 
to the axis, and that the magnetic action at a distance of opposite 
windings and magnetized iron parts are neutralized as regards it. 
If the longitudinally wound iron tube be surrounded by a second 
outer transversely-wound spiral which, traversed by a current, 
magnetizes the iron tube in the direction of its axis, the sum of 
the magnetic moments of the spiral and of the iron tube in this 
direction is to be measured by a mirror magnetometer placed in 
the axi3 of the tube, whilst a current through the longitudinal 
windings, and the tangential magnetism of the wall of the tube 
called into existence by it, remain without influence on the 
magnetometer. 

In these experiments an iron tube 15^™ in internal diameter, 
150°^ in length, and Z'^^ thick, was used, which was provided 
with 86 longitudinal windings of copper wire V^ thick. The 

* Pogg. Ann. Supplementary, Vol. V., p. 1. 
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longitudinally wound tube was placed in a wire coil 100™"^ long, 
of 326 convolutions of similar wire. The tube projected about 
25mm fpQjQ jjQth ends of the coil. The action of the coil on the 
galvanometer was compensated by a second coil at a distance from 
the first, which formed a continuation of the wire of the first, so 
that both coils were always traversed by the same current. 

If now the iron tube so surrounded was directed towards a 
magnetometer with a dead beat bell magnet, being at right angles 
to the meridian, and a current of about 10 Bunsen cells passed 
through the outer coil B, the magnetometer gave a deflection on 
the scale which constituted a measure of the magnetism produced 
in the direction of the axis of the tube. Then a battery of from 
1 to 8 cells was simultaneously inserted, one after the other, in 
the inner (longitudinal) spiral A. The deflection of the magne- 
tometer diminished in consequence, and this .diminution certainly 
increased with the increase of the battery in circuit with the 
longitudinal coil. 

The experiments were so arranged, that the deflection of the 
magnetometer was first read with the battery in the outer (trans- 
verse) coil without any current in the longitudinal coil, then 
stronger batteries were inserted one after another in the longitu- 
dinal coil, and the resulting deflections were observed. 

As may be seen from this, the deflection of the magnetometer, 
corresponding to the current in B, diminished during the experi- 
ment, which evidently proceeds from the simultaneous diminiition of 
the current in B. In the curve to Table I. (Fig. 88) these experi- 
ments are represented reduced to equally strong currents in B. 
(Absciss®, strength of current in A ; ordinates, deflection of the 
magnetometer.) 

It is thus proved, that the magnetism produced in a mass of 
iron by a magnetizing force is smaller, if at the same time it is 
magnetized by other forces in a direction at right angles to it. 
The reversal of the direction of the current in the longitudinal 
coil is moreover altogether without effect on the amount of the 
deflection. 

The magnetism of a ring approaches its maximum even with 

comparatively weak currents. This proceeds in the first place 

from the total magnetizing action of a wire entirely surrounded 

with iron traversed by an electric current being very much greater 

▲ A 2 
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than when the same wire is wound on an iron rod, and farther 
from the considerably increased action which closing the armature 
exerts on the magnetism in a short magnet. The magnetizing 
action of a wire assumed for the sake of simplicity to be of un- 
limited length, coinciding with the axis of the cylinder, may be 
determined by a simple calculation. 

Let A be an iron tube of length l^ radius p, and small thick- 
ness $. Further let mn be the axis of the tube, which coincides 
with that of a straight conductor mn ot unlimited length. The 
element of current dx will then exert on a particle of iron situated 
in the wall of the tube of the dimensions pda, s and dl a magne- 
tizing force in the direction of the tangent to the tube, which if the 




current strength is represented by t, and the circular angle by a, is 
expressed by — 

i.dx — P— . .P±i^.s.dl 

or for the whole ring by — 

2ir.S.i ^ , , , .dxdl; 
{x^+p')i 

The magnetism of the whole ring in the direction of its 
periphery is then — 

00 






and as the same action takes place for all rings along the whole 
length of the tube, the magnetism of the whole tube for the length 
I has the value — 

M = 47rZ.«.t. 

As the value of p no longer appears in this expression, the 
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diameter of the tube has no influence upon the magnitude of the 
magnetism produced. The total magnetism produced in the iron 
wall of a tube by a central unlimited conductor is therefore in- 
dependent of the diameter of the tube, and directly proportional 
to its length and to the thickness of the wall. 

In order to prove the accuracy of this calculation, three iron 
tubes of equal length but difierent thickness and diameter were 
prepared, and each of the tubes was provided with two longitudinal 
coils. The primary coil of each tube consisted of 90, and the secondaiy 
of 80 windings. Through the primary coil alternating currents 
were sent, and the induced currents produced in the secondary 
coil by the reversals of magnetism were measured by the deflection 
of a mirror galvanometer. The dimensions of the iron tubes 
fl, J, c, of 100"" length were — 





Inxidc diameter. 


WbU thickneM, 




mm. 


mm. 


(a) 


10-8 


2-3 


(*) 


11-0 


4-5 


W 


17-4 


4-5 



The results of the experiment are contained in Table 2 and the 
curves belonging to it in Fig. 88 ; in the curves the abscissae 
represent the strengths of the current, the ordinates the magnetism. 
Ajb may be seen from diagram I, in which the horizontal abscisscc 
are the measured current strengths, the vertical the deflections 
produced by the corresponding induction coils, the magnetism so 
measured is about proportional to the thickness of the walls, 
whilst the greater inside diameter exerts indeed a diminishing 
influence, which is however inconsiderable, and is explained by the 
method of measurement. Exact agreement cannot of course be 
expected by means of these experiments, because the nature of the 
iron has an important influence in the case of electro-magnets. 

So far only the direct magnetizing action, which a current 
coinciding with the axis of the ring exerts on the iron tube, is 
taken into consideration, not the strengthening action which the 
elementary magnets or solenoids diverted from their position of 
equilibrium by the current in the direction of magnetization 
exert on one another, and thus increase the magnetism. It is 
difficult to account for this strengthening molecular action, which 
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plays 80 important a part in electromagnetic phenomena, if the 
Ampere-Weber view is adhered to that the molecular magnets 
are situated in all possible directions with their centres at a 
uniform distance. It is also hardly conceivable, and to my know- 
ledge it has never been sought to be proved, that on this supposition 
the action of the limiting layers of the body of any shape is 
altogether without influence, and that in no portion of an 
unmagnetized iron body an action at a distance of the mole- 
cular magnets can occur. This difficulty is removed, and at the 
same time a very clear explanation of many electromagnetic 
phenomena obtained, if the Amp6re-Weber theory is modified by 
assuming that each molecule of iron consists of two elementary 
magnets with opposed poles lying opposite one another, which 
together are freely rotatable in every direction without expendi- 
ture of work, whilst the molecular magnets of each pair arc 
turned away from each other by external magnetizing forces, as 
would be the case with an astatic pair of needles, if the needles 
could move independently in their parallel planes of oscillation. 
If the distance apart of the elementary magnets is taken as small 
compared with the distance of the paired molecules, an action at a 
distance of the iron masses, not magnetized by outer forces cannot 
occur even at the surfaces of the body. But if on the other 
hand there is a directing outer force, it must turn the two 
elementary magnets of the paired iron molecules in different 
directions, so that all the north poles are turned in one, all the 
south poles in the opposite direction. If there were no action of 
the iron molecules thus magnetized on one another, the couple, 
which as a magnetizing force tends to turn the elementary magnets 
of one molecule away &om each other, would have to be equal to 
the force with which the elementary magnet poles, moved fi'om 
their position of rest, act on one another in opposition to the 
rotation. But there occurs besides a simultaneous attraction 
between the opposed poles of all the elementary poles so directed, 
and a repulsion between aU similar poles, the resultant of which 
produces a strengthening of the rotation directly produced by the 
magnetizing force. This increasing interaction only takes place in 
the direction of magnetization as the interactions of the molecular 
magnet groups lying near one another balance each other. The 
phenomenon of residual magnetism or magnetic coercive force. 
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ns well as the heating of the electromagnet by frequent rapid 
reversals of polarity, require the farther assumption that there is 
a Motional resistance opposed to the rotation of the elementary 
magnets with respect to one another, whilst the paired molecules 
as assumed can turn without resistance in every direction. This 
frictional resistance limits the mutual strengthening of the 
rotation of the elementary magnets, and prevents on the other 
hand the complete disappearance of magnetism after the dis- 
continuance of the external magnetizing force. 

By the adoption of this modification of the Ampere-Weber 
theory many magnetic phenomena hitherto uninteUigible find a 
simple explanation. According to it the magnetism of a bar of 
iron on all the molecules of which an equal magnetizing force is 
exercised, must increase with the length of the bar, until a state 
of equilibrium has been reached between all turning and frictional 
moments of the whole of the molecular magnets lying consecu- 
tively in the direction of the magnetization. 

The middle of the bar must hence be most powerfully mag- 
netized, and here an approximation to the maximum of the 
magnetization must occur soonest. Further, a thinner bar must 
become more strongly magnetized by equal forces acting on it, 
and must therefore earlier approach the maximum of magnetiza- 
tion than a thicker one, for with thin bars all the molecular 
magnets reinforcing one another lie more directly behind one 
another, the total action must therefore be greater. As the 
molecules of the end surfaces of the electromagnet bar are only 
exposed on one side to the action of the molecular magnets 
increasing the magnetism, the end surfaces of short bars must 
possess half the magnetism of the middle of the bar, plus 
that due to the direct action of the magnetizing force. That 
this latter direct rotation is small in comparison with that of the 
simultaneously existing reinforcement, follows from the strong 
magnetization of short closed ring or horse-shoe magnets by weak 
magnetizing forces. With such a closed ring magnet the mag- 
netizing of each section of the ring must be proportional to that 
of the section through the middle of a very long magnet bar, 
because in the ring the strengthening as well as the outer mag- 
netizing action is the same in each section. The magnitude of 
the magnetization of a closed ring magnet is therefore dependent 
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firstly on the maximum of the permeability of the iron, and 
secondly on the sum of the friction resistances of the molecular 
magnets of the whole circuit. The strengthening action must 
therefore diminish with the length of the iron bent into a ring 
with equal magnetizing influence on all molecular magnets through 
external forces. From the experiments described above, there- 
fore, the wider tube C should with equal magnetizing forces have 
taken less magnetism than the narrower tube b with equal thick- 
ness of wall. As already follows fh>m the above mentioned 
experiments, and as is made more certain from the later ones, a 
proportionately weaker current in the magnetizing coil already 
suffices to bring the ring magnetism near to the maximum 
magnetization. Consequently the simultaneous strengthening of 
the magnetism of the molecular magnets must considerably sur- 
pass the direct magnetization by the external magnetizing force. 
This is also confirmed by the fact that a thin disc of iron which 
is laid on the poles of a powerful magnet, is not attracted by it 
to any extent if the edges of the disc do not extend beyond the 
polar surfaces, but that a powerfol attraction instantly takes 
place if a portion of the iron plate extends beyond the edge of the 
polar surfaces. 

That the sustaining power of closed horse-shoe magnets in- 
creases according to some observers as the square of the magnetism, 
and according to others at least in a much higher ratio than the 
magnetism itself, appears to be opposed to this view. But as 
follows from the following experiments, the sustaining force of a 
short ring or tube magnet is nearly directly proportional to the 
effective magnetism nieasured by induction. That this must be 
the case follows from the consideration that the magnetic attrac- 
tion of two sections of the ring, infinitely near to one another, 
must be equal to the sum of the simultaneous attractions of all 
magnetized molecular magnets on both sides of the section, but 
that this sum of all the attractive forces is also to be considered 
as the active magnetism in the ring section. The anomalous 
observations are to be explained by too great a length of the 
magnetic circuit, by incomplete contact of the armature and 
magnet surfaces, and by too small a size of the touching surfaces. 

A tube magnet of 10*8™™ inside diameter, 2"8™™ thickness and 
15Qmin length was divided into two half cylinders by a section 
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passing through the axis of the tube. The halves of the tube 
were carefully groand to one another, and each surronnded by 
one-half of the two coils of wire. By suitable arrangements 
the weight could now be determined, which was necessary to 
tear the halves of the tube from one another, and simulta- 
neously the induction current produced in the induction coil 
by the separation was measured. In the following Table II. 

TABLE 11. 

a) Ibon Tube 1. 

Thickness = 2 -S""; Diameter, 10 'S"". 



Primary 
Curreut. 



23 

82-4 

44-4 

61-6 

69-0 

153-8 

195 

248-0 

296-0 

843-0 

297-0 

241-0 

190-0 

131-0 

68-2 

52-2 

41-6 

30-8 

19-6 



Secondary 
Current. 



30*2 
39-4 
44-0 
49-5 
63-7 
61-1 
63-6 
66-3 
68-2 
69-5 

68-7 
66-6 
66-7 
58-5 
56 
51-2 
47-0 
40*5 
27-9 



Tearing away 

Force in 

Kiloffr. 



10-3 
12-6 
14-2 
16-5 
17-0 
20-8 
23-5 
27-3 
28-5 
31-5 

28-5 
26-5 
26-2 
24-8 
17-0 
17-2 
15-0 
12-5 
9-7 



Secondary 
Current. 



Weight 



2-92 
8-11 
810 
3-00 
3-16 
2-94 
2-71 
2-43 
2-39 
2-21 

2-41 
2-61 
2-51 
2-86 
3-24 
2-98 
313 
3-24 
2-89 



b) Iron Tube 2. 
Thickness = 4 •5"'"»; Diameter, 11»* 



Primary 

Current. 


Secondary 
Current. 


Tearing away 

Force in 

Kilogr. 


Secondary 
CuiTent. 


Weight 


17-0 
31-0 
41-0 
68-0 
69-0 
40 
22-0 


44-7 

78-1 

86-5 • 
101-1 
100-8 

87-3 

65-0 


11-6 
20-1 
25-0 
61-0 
59-8 
28-8 
17-5 


8-85 
3-89 
3-46 
1-66 
1-68 
3-08 
3-71 



WERNER VON SIEMENS. 



363 



c) Iron Txtbe 8. 
Thickness = 4 -o*"; Diameter, 17 -5"". 



) 

Primary 
1 Current. 


Secondary 
Current. 


Tearing away 

Fonte in 

Kilogi-. 


Secondary 
Current, 


Weight. 


24 
36-6 
47 
68-0 
140-0 
140-0 
71-0 
60-4 
37-2 


38-9 
63-3 
76-0 
89-1 
104 
103-6 
91-2 
81-3 
69-6 


10-5 
24-3 
34*2 
41-2 
53-3 
61-5 
38-3 
32-0 
27-3 


3-70 
2-60 
2-19 
2-16 
1-95 
2-01 
2-38 
2-54 
2-54 



(pp. 362, 863), the first vertical colamn contains the strength of 
the current in the magnetizing coil^ the second the induced cuirent 
set np by the separation, the third the separating weight in kilo- 
grammes, the fourth the quotients of the numbers in the last two 
columns. These quotients in the fourth column should all be equal 
if the sustaining force were directly proportional to the active 
magnetism. As may be seen, considerable deviations exist, and the 
quotients somewhat diminish with increasing current strength. 
But this can also be ascribed to the greater compression of the sur- 
face layers, to bending and to other mechanical causes. 

A more suitable form is given to the tube magnet by bending 
the iron tube into a circle. If the annular hollow space, circu- 
larly enclosed with iron, is filled with a suitably wound coil of wire 
after the annular tube is divided by a cut through the greatest 
plane of the ring into two ^ual semi-circular rings, and it is thus 
made possible to lay the coil of wire inside, the formula deduced 
above for the magnetizing and sustaining power can be used with- 
out great error for this annular tube magnet if the radius of the 
ring is not too small. 

Table III. gives the tearing away experiments made with such 
an annular tube magnet. 

The two ring-shaped iron channels which when laid on one 
another formed the tube magnet were well ground to one another. 
To each channel a brass stirrup was attached, by means of which 
they could be torn away from one another. The spiral consisted of 
360 convolutions of covered copper wire '5^^ thick, having 8*7 units 
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TABLE III. 



Xumber of 
Elements. 


Primary 
Current. 


Secondary 
Carrent. 


Tearing 

away Foroe 

inKUogr. 


Secondary 
CorrenL 


Weight 


1 

2 

3 

4 

6 

6 

8 
10 
20 

4 

3 

2 

1 
1 shnnted 

1 » 


20-5 

46 

52 

68 

82 

93 
116 
139 
183 

65 

51 

34 

18 

12 
8-3 


50-4 
58-4 
68-8 
69-6 
71-6 
72-7 
73-9 
76-0 
77-4 
69-0 
66-0 
61-3 
62-6 
46-0 
38-3 


31-5 
42-8 
46-8 
47-5 
49*2 
61-4 
57-8 
58-5 
65-2 
49*3 
45-3 
37-8 
29-4 
24*9 
18-0 


1-6 
1-4 
1-6 
1*5 
1*6 
1-4 
1-3 
1*3 
1-2 
1*4 
1-6 
1*6 
1-8 
1-7 
2 



resistance. Its inner diameter was 62"^"^, the outer 8 1"*^, its section 
was consequently a circle of 86™°^ diameter. The thickness of the 
iron channel was 2"*"». To measure the magnetism produced in 
the tube magnet, 50 convolutions of fine insulated wire were wound 
up together with the coil of wire, so that this consisted of the 
principal coil described, and of a secondary coil, which were insu- 
lated from one another. The principal and secondary coils were 
firmly fixed to the upper iron channel, so that the lower iron 
channel formed the armature to be separated. The motion, after 
the tearing off was limited to a few millimetres by a projection on 
a rod passing through the ring and fixed to the stirrup of the 
lower annular channel. 

A strongly damped mirror galvanometer was now connected with 
both coils through a suitably arranged commutator in such a way, 
that with the commutator in one position with the help of a shunt 
to the principal coil, the current strength of the latter could be 
measured, in the other position the current induced in the induc- 
tion coil by the tearing apart. The tearing apart took place by 
the lower portion of the rod fixed to the stirrup of the armature 
being also provided with a projection which allowed of disc-shaped 
leaden weights with slots reaching to the middle of the disc being 
slipped on to the rod, these being then held by the projection. If 
the sustaining power of the magnet was nearly balanced by the 
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application of the requisite number of such weights, then a spring 
balance also fixed to the rod of the armature was slowly stretched, 
and the weight indicated at the moment of rupture registered, 
while another observer noted the deflection of the mirror galvano- 
meter, which indicated the current produced in the induction coil 
by the separation. This deflection is a measure of the magnetism 
which has disappeared in the magnet by tearing off the armature, 
and therefore a measure of the increase of magnetism by closing 
the armature. In order to obtain the whole effective magnetism 
existing in the magnet before rupture, the deflection must be taken 
account of which occurs on interrupting the magnetizing current 
after the deflection produced by the induction of the principal coil 
itself on the induction coil is deducted from it. The weights 
necessary for separation are nearly proportional to these numbers. 
The deviations can be sufficiently explained because magnetism 
still remains in the iron of the magnet on open circuit, and because 
in spite of the careful grinding all the particles of iron on both 
sides of the cut surface still make imperfect contact. The stronger 
the pressure of the surfaces on one another, the more perfect 
must be the contact. 

As follows from Table III., the maximum observed sustaining 
power is 65*2 kilos. The maximum of the sustaining power 
reckoned from the increase of this power would be about 75 kilos. 
The weight of the iron tube bent into a ring amounted to 192*54 
grammes, the weight of the wire coil to 130 grammes. One 
gramme weight of iron magnet and armature taken together, there- 
fore bore 823 grammes, and on the above assumption for the 
Tn^Timnm of magnetism the sustaining power was 390 times the 
whole weight of the iron. 

In the apparatus described the alteration was then made of pro- 
viding it with 12 external bobbins, which were placed in halves 
on the closed ring, and then coiled with insulated wire. The inner 
width of the bobbin was about b^^ greater than the thickness of 
the ring, so that the tearing away of the half-rings from one another 
could be effected without being prevented by the bobbins. The 
bobbins were then wound with similarly insulated wire to that used for 
the interior principal coiL Two opposite bobbins were connected 
up as induction coils, the remainder constituted a principal coil for 
producing magnetization of the ring, the direction of which must 
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be everywhere perpendicalar to the direction of the magnetism of 
the tube produced by the principal coil. The amount of the ring 
magnetifim produced could be measured by the deflection which 
was caused in the induction coils by closing the outer prin- 
cipal coil. This deflection only gives, it is true, the amount of 
magnetism existing in that portion of the ring enclosed by the 
induction coil, therefore through portions of the ring in which none 
or only a little direct magnetization is produced by the principal 
coil^ but it may without considerable error be taken as a measure 
of the whole magnetism produced in the ring, both because as 
already noticed the direct rotation of the elementary magnets by 
the outer magnetizing force is only small as compared with the 
mutual strengthening of the molecular magnets^ and also because 
the dimiimtion of the progression of the magnetization through 
small lengths of sofl^ iron of sufficient section is not considerable. 

A battery was now inserted in the outer transverse principal 
coil. By altering the connections suitably there was measured on 
the same mirror galvanometer, first the deflection caused by the 
induction coil, and then the strength of current in the principal coil ; 
this was repeated many times, the direction of the current in the 
principal coil being reversed each time. The deflection produced by 
the induction coil then constituted the measure of the magnetism 
produced in the ring by the current strength I. 

If the current of the principal coil was now allowed to continue 
in one of the two magnetic circuits, and the principal coQ of the 
other circuit was then closed, a deflection was obtained in the in- 
duction coil of the latter, which indicated a reduction of the 
magnetism produced in this circuit. The result obtained with 
straight tube magnets was thus confirmed, viz., that the magneti- 
zation of the iron by an external magnetizing force is smaller 
when a simultaneous magnetization exists or is called forth in a 
direction perpendicular to it. 

During the first part of the experiments the strength of the 
external current was about 800, dming the second about 200 ; 
those experiments, in which this strength of current varied firom 
the numbers named, were reduced to the number 800 or 200, upon 
the supposition that the action of the outer current is propor- 
tional to the strength, which appears admissible with the slight 
variations. 
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TABLE IV. 



1. 


2. 


8. 


4. 


5. 


6. 


7. 


8. 


9. 


10. 


11. 


1 
12. 


[^'i 
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Ring Attachi 


cs £ 


til 

CD S H 

So 

OQ 


III 

05 


III 
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00 








5 9 S 
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+ 7 


+ 28 


+ 11 


- 80 


+800 


+ 28 


- 18 


-20 


- 5 


+ 85 


+ 5 


+15 


+ 9 


+ 98 


+ 28 


- 93 


• ■• 


+ 87 


- 57 


-54 


-15 


+102 


+ 9 


+39 


+11 


+149 


+ 48 


-143 


• ■• 


+182 


- 92 


-72 


-15 


+ 160 


+ 17 


+57 


+18 


+178 


+ 88 


-158 


• • • 


+147 


-118 


-79 


-14 


+189 


+ 81 


+65 


+12 


+185 


+ 71 


-160 


R«« 


+149 


-120 


-81 


-15 


+197 


+ 87 


+66 


+12 


+202 


+ 92 


-163 


• «• 


+152 


-188 


-88 


-18 


+214 


+ 61 


+70 


+12 


+199 


+ 92 


-146 


• •• 


+159 


-181 


-82 


+12 


+211 


+ 66 


+94 


+12 


+206 


+118 


-145 


• •• 


+157 


-148 


-78 


+ 8 


+220 


+ 75 


+84 


+12 


+251 


+221 


-181 


• ■• 


+140 


-181 


-86 


+ 5 


+288 


+182 


+91 


+12 


+290 


+424 


- 92 


• «• 


+ 98 


-220 


-84 


+ 2 


+302 


+210 


+86 


+12 


+327 


+768 


- 54 


• •• 


+ 57 


-258 


-83 


+ 3 


+839 


+285 


+88 


+10 


+ 51 


+ 10 


- 87 


+200 


+ 87 


- 81 


-88 


- 8 


+ 61 


+ 24 


+30 


+10 


+115 


+ 21 


- 76 


• •• 


+ 81 


- 72 


-61 


- 8 


+126 


+ 49 


+58 


+11 


+158 


+ 88 


- 91 


• •• 


+ 95 


- 98 


-72 





+164 


+ 73 


+72 


+12 


+170 


+ 44 


- 90 


 •■ 


+ 94 


-110 


-74 


+ 2 


+182 


+ 92 


+76 


+11 


+185 


+ 58 


- 88 


• •• 


+ 88 


-121 


-76 


+ 4 


+196 


+118 


+80 


+12 


+221 


+115 


- 55 


 ■• 


+ 67 


-158 


-77 


+ 2 


+238 


+178 


+79 


+12 


+254 


+219 


- 81 


• • B 


+ 81 


-186 


-77 


+ 8 


+268 


+235 


+80 


+11 


+287 


+895 


- 17 


• •• 


+ 17 


-218 


-77 


+ 8 


+298 


+281 


+80 


+12 


+818 


+681 


- 11 


 «• 


+ 11 


-242 


-71 


+12 


+826 


+314 


+88 



Farther, the increase of the magnetism produced by the outer 
primary coils alone was observed by measuring the deflections 
occurring in the outer secondary coils. In this case no induction 
resulted from the putting on and off of the under half of the iron 
ring. The induction deflections are those obtained after frequently 
closing and opening the current in one direction : those obtained 
on first closing, especially with weak currents, were somewhat 
greater, yet never more than about 57o- (See Table V.) 



TABLE V. 


Primaxy Current. 


Secondary Current. 


3 


3 


56 


66 


114 


92 


221 


124 


410 


144 



If there was a current in the inner coils, and the current in the 
outer coils was reversed ( + closed, opened — closed, opened, &c.)y 
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and obeervations taken with the inner aecondaiy coils, the first 
deflection was abont 2 */, greater than those that followed. 

Hence the remanent magnetism corresponding to the external 
cnrrent alone appears to be considerably less than that corre- 
sponding to the internal cnrrent. 

In Fig. %^,oCa represent the carves of magnetism corresponding 
to the internal cnrrent alone (Table lY., oolnmn 2), h^ and l^ 
the curves for the simnltaneoos action of the external current, 
h^ for the current strength 200, ha for the cnrrent strength 800 
respectively. 

The following was the detailed arrangement of the experiments : 

First of all the increase of magnetism was obsenred in a 
direction perpendicular to the centre line of the ring, by the 
action both of the inner current (windings in the direction of the 
centre line) and of the outer current (windings perpendicular to 
the centre line) ; as a measure of this magnetism the induced 
current in an inner secondary coil (windings in the direction of 
the centre line) was taken ; the deflections contained in the 
following table are, with the exception of columns 3 and 5, all 
those observed in the inner secondary coiL There were measured 
in the following order (see Table IV.) : 

1. The deflection on attaching the lower half of the iron ring to 
the upper ; 2, the deflection on closing the inner current ; 3, the 
strength of the inner current ; 4, the deflection on closing the 
outer current ; 5, the strength of the outer current ; 6, the deflec- 
tion on opening the outer current ; 7, the deflection on openiug 
the inner current ; 8, the deflection on removing the lower half 
of the iron ring. 

If it be assumed that no magnetism or a perfectly constant 
remanent magnetism exists after the opening of the currents and 
the removal of the lower half of the ring, the sum of all induc- 
tion deflections must be nil ; this is indeed, with a certain 
approximation, the case, as column 9 shows ; column 10 (1 + 2) 
gives the magnetism produced by the inner current, column II 
(1 + 2 + 4) that by the inner and outer currents ; column 12 
(1 + 2 + 7 + 8) the remanent magnetism corresponding to the 
inner current. 

From the weakening influence referred to which the remanent 
or simultaneously produced transvei'se magnetism exerts on the 



WERNER VON SIEMENS. 369 

amount of magnetization, many phenomena are explained which 
act in a disturbing manner both on scientific electromagnetic ex- 
periments as well as on the technical application of magnetism. 

The straight or annular tube electromagnets used for the above 
experiments are distinguished from the construction of electro- 
magnet hitherto employed by producing a much greater magnetic 
effect than the latter for a given weight of iron and copper. They 
will therefore find a very frequent and useful application, espe- 
cially in the electric arts. The property of the annular tube 
magnet of surrounding the conducting wire completely with an 
iron cover makes it specia.lly applicable for answering scientific 
problems, for the solution of which the necessary means were 
hitherto wanting. Such a question, for instance, is the screening 
action of iron. It certainly appeared probable, and was also 
generally assumed hitherto, that magnetic induction was not 
directly influenced by an interposed iron screen, and that the 
observed alteration of the magnetic induction was to be explained 
by the action of the magnetism produced in the interposed iron 
screen. But decisive experiments on this point have not been 
made so far as I am aware, and this was hardly practicable with 
the methods hitherto known. 

To determine the question by means of the annular tube 
magnet, I had two such magnets made as similar as possible, and 
arranged them on both sides of the bell magnet of a dead-beat 
mirror magnetometer in such a way, that I fixed the two coils by 
means of stretched wires to an upright frame, which could be 
brought as near to the magnet as desired. The same current 
was now passed through the two coils in series, and one of the 
frames was moved, until no deflection of the magnetometer took 
place on opening and closing the current. The one or other coil 
was alternately covered with the two halves of the tube so as to 
form a closed tube magnet, and the deflections of the magneto- 
meter produced on closing the current measured in divisions of 
the scale. The experiments showed that in fact a decided, 
although only slight^ lasting reduction of the magnetic moment 
of a coil occurred when it was quite surrounded by an iron 
tube. The amount of this screening action can be measured by 
approaching the weakened coil. It is apparently proportional to 
the thickness of the tube wall, but this requires further proof. I 

VOL. I B B 



370 THE SCIENTIFIC PAPERS ETC., OF 

will here onlj remark that a magnetic induction of the iron, if 
Buch could be assumed to be produced with an annular ring 
magnet magnetized as a tube magnet, must produce a strengthen- 
ing and not a weakening of the induction of the coiL I hope to 
find later an opportunity of going more fully into this question, 
and abstain in the meantime from any explanation of this remark- 
able phenomenon. 

This actual, although only slight screening, action of iron brought 
me to the question if by aid of the tube magnet it could not be 
determined whether magnetic induction acts directly and imme- 
diately in a straight line as has been assumed for gravity, since 
the time of Newton, or whether it acts progressively from mole- 
cule to molecule of the intermediate chain or of the hypothetical 
aether, as was first assumed by Faraday for electric induction, and 
proved by me to be admissible by experiments.* 

In fact, a certain probability appeared to exist that the magnetic 
force passing forth from a coil of wire could not simultaneously 
perform a considerable work, the magnetization of the closed tube 
magnet in the closed tube wall which must surround it, and at the 
same time exert an unimpaired induction. It appeared more 
likely that the induction would commence beyond the tube wall 
when the work to be performed on traversing the iron in rotating 
the elementary magnets was accomplished. The experiments 
have not confirmed this conjecture. The same arrangement of 
two divided annular tube magnets was used with slight alteration, 
with a mirror magnetometer placed between them, as was employed 
in the above described experiments. First of all the parallel and 
equal coils of wire set up on both sides of the magnetometer were 
80 arranged that a current, which passed through both in series, 
showed no effect on the magnetometer. Then one of the two 
coils, without altering its position, was covered with its iron 
screen, and the experiment was repeated. There was now no 
definite deflection of the magnetometer, as should have been the 
case if the current in one coil acted longer or more strongly on 
the magnetometer than in the other. As the time difference was 
as short as possible, and consequently its effect was negligibly 
small in comparison with the strong total action of each coU, I 

 Fogg. Ann., Vol. CIL, p. 66. 



WERNER VON SIEMENS. 37 1 

modified the experiment at the suggestion of Dr. Frolich (whom I 
have to thank for condacting this experiment, and those formerly 
described), in such a manner that in place of the magnetometer a 
third uncovered coil was set up, and the external, also uncovered 
•coils were so arranged, that no current was induced in the middle 
-coil bj them. For its measurement the charge of a mica con- 
^Lenser was used, with the two coatings of which the ends of the 
wire of the middle coil were connected. My frequently described 
hammer for the production of currents of very short duration was 
now so inserted that a strong current circulated continuously 
thzt>ugh both coils. One of the two removable pins of the hammer 
now interrupted this current, whilst the second, after a very short 
time, interrupted the circuit of the middle coil and the condenser. 
As the middle coil consisted of a large number of windings of fine 
wire, a very slight difference in the magnetic moment of the two 
'Outer coils must have caused a measurable charge of the con- 
denser. As by the interruption of one connecting wire between 
the middle coil and the condenser, this latter was insulated, and 
in this condition held a charge for some minutes without appreci- 
:able loss, as was proved by experiment, the later discharge of the 
condenser through a sensitive mirror galvanometer must be a 
imeasure of the difference of potential existing at the ends of the 
•convolutions of the middle coil, at the moment of the interruption 
^f the condenser wire. By this arrangement of the experiment it 
was certainly not exactly the retardation of the beginning of the 
induction of the coils of wire enclosed in the iron that was 
measured, but, as it were, its complement, namely, the supposed 
strengthening of the magnetic induction of this coil by a cessa- 
tion of the magnetization of the iron of the tube magnet after 
l)reaking the current. But it may well be assumed that this action 
must occur, if the supposed retardation of the induction were 
occasioned by the magnetization, as otherwise energy is lost 
These experiments also gave negative results. At least the 
•differences observed were so small and uncertain that they could 
not be considered as decisive. 

The experiments last described have incidentally confirmed in 
a striking and simple manner Helmholtz^s theory of the dischai^e 
of a condenser by a series of alternating discharges and renewed 

<;harges. If an uncovered coU is alone allowed to act on the 
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indaction coil, and between each two experiments the doration of 
the connection of the condenser with the induced coil is increased, 
the discharge deflections of the condenser, which in the first 
instance were positive, become negative. Bj ftirther increasing 
the duration of the connection they were again rendered positive, 
and so forth. At the same time the deflections steadily decrease. 



ON THE LUMINOSITY OF FLAME.* 

The light that radiates from burning gases, which shine with a 
bright flame, is, as is known, a secondary phenomenon. It is 
from the solid or even fluid particles suspended in the flame which 
are separated by the high temperature of combustion, and brought 
to incandescence, that the bright rays of light radiate. Gases 
which separate no solid or fluid particles on incandescence, or 
produce none during the process of combustion, generally bum 
with a relatively slightly luminous flame, of a bluish or other 
colour according to the sort of gas being consumed. It is 
customary to explain the cause of this luminosity by the fact that 
the gases themselves become luminous when highly heated by 
combustion. No experiments have hitherto been published so far 
as I know as to whether highly-heated pure gases actually give out 
light. Considerations regarding the radiation of light from the 
sun, which enter into the solar theory of my brother, C. William 
Siemens, and upon which I intend shortly to make a communica- 
tion to the Academy, together with some occasional observations, 
have made it appear to me improbable that heated gases are self- 
luminous, and I determined to make some experiments on this 
point. In order that the experiments may be of a decisive 
character they must be made at temperatures higher than those 
which are produced with luminous combustion. I soon satisfied 
myself that on this, as well as on other grounds, satisfactory 
results could hardly be expected from experiments made in the 
laboratory. On the other hand, the regenerative furnaces in the 

* Monthly Report of the Berlin Academy of Sciences of 9 Nov., 1882. 
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glass works of my brother Frederick Siemens, at Dresden » 
appeared to me specially suitable for the performance of such 
experiments. My brother willingly acceded to my wish that an 
experiment should be made with such a furnace, and he found my 
anticipations fully confirmed. A regenerative furnace used for 
the manufacture of hard glass according to my brother's method 
was employed, situated in a separate space which could be made 
quite dark at night. The furnace had a rectangular hearth about 
2^ metres in length and 1^ in breadth, and its greatest internal 
height was about 160^. In the centre of each of its long sides 
there were openings opposite to one another, which permitted a 
clear view through the furnace* The furnace could easily be 
heated to the highest temperature which could be borne by the 
furnace walls, built of specially refractory fire brick ; this is the 
temperature of fusion of steel, which lies between ISOO"* and 
2000° C. After this temperature was reached, and the further 
admission of gas and air into the furnace was stopped, its hot 
walls maintained the temperature of the interior of the furnace 
fairly constant for a long time, if all admission of air was prevented. 
In front of the openings of the furnace were placed a number of 
well blackened screens with a central opening, which allowed a 
view through the heated furnace, without the rays radiating from 
the walls affecting the eyes. After the furnace was thoroughly 
covered all over, and all light was removed from the space, so that 
complete darkness existed in it, there was not the least appear- 
ance of light visible to the eye from the highly heated gases in the 
furnace. If a luminous flame was brought into the space, the 
reflection from it sufficed to slightly illuminate the field of view. 
For the success of the experiment it was necessary to prevent all 
combustion in the furnace, and to wait until the gas in the 
furnace was as free as possible from dust. Any flame in the 
furnace, even when it did not reach within the line of sight, or 
the least quantity of dust in it, illuminated the field of vision. 

As the result of these experiments of my brother, it must be 
assumed that the previous view that highly-heated gases are self 
luminous is not correct. In the furnace there were the product** 
of previous combustion, mixed with atmospheric air, therefore 
oxygen, nitrogen, carbonic acid, and steam. If only one of these 
gases were self luminous, the field of view must always have been 
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illaminated. If gases are^ however, not self Inminoits at the 
temperatnre of combustion, then the feeble light given by the 
flame of burning gases which separate no solid or fluid particles 
cannot be explained as the glow of the heated products of com- 
bustion. It then also appeared to me probable that heated gases 
would radiate heat rays as little as light rays. In order to make 
an experiment on this point, and to convince myself by my own 
observation of the correctness of the phenomenon observed by my 
brother, I went to Dresden with Dr. Frolich. As to the illumina- 
tion of the heated furnace gas we obtained in general the same 
result as had been obtained by my brother and his engineer, 
Mr. Hermann, who had carried on the experiments with great 
zeal and intelligence. Certainly the field of view was not always 
quite dark, and there was often only a short time for observing it. 
With the great sensitiveness of the eye sharpened by the prevailing 
darkness, and the impossibility of preventing every motion of the 
air combined with motion of dust, as well as of preventing all 
admission of gas, this is easily explained. We have, however, 
repeatedly proved complete darkness of the field of view. Un- 
fortunately experiments could not be carried out by means of 
sensitive thermopiles to decide the question of the emission of rays 
of heat. The small size of the openings in the furnace, as well as 
the considerable distance from the furnace, at which the thermopile 
would have had to be placed, diminished the exactness of the 
measurement, so that no difference could have been observed 
between the luminous flame and the heated air. 

I however found out later, by means of a different and perfectly 
simple experiment, that my assumption was erroneous. An 
ordinary gas lamp, with a ring-burner, and short glass chimney 
was so screened by a thick board placed in front of it, that the 
board concealed the whole of the lamp as well as the glass 
cylinder. A sensitive thermopile was so arranged that the axis of 
the tube in which it was placed, lay a little higher than the upper 
edge of the board. The tube was provided with a screen, and 
could be turned about a vertical axis. As the walls of the room 
had about an equal temperature, the deflection of the sensitive 
mirror galvanometer inserted was only inconsiderable when the 
axis of the tube was so placed, that the hot current of air rising 
from the flame did not lie in the field of vision of the thermopile 
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limited by the screen. But if the latter were bo turned, that the 
line of sight fell on the hot stream of air, then a deflection imme- 
diately took place, which only returned when by turning the 
thermopile further^ or by turning it back, the heated current of 
air was removed from the field of vision. The same result was 
obtained when the lamp itself was shifted behind the board con- 
cealing it, and alternately brought into and removed from the 
field of view. That the radiation of heat from hot gases is only 
very small compared with that from equally hot solid bodies, is 
shown by the great deflection of the galvanometer which occurs 
when a piece of fine wire or any other solid substance is brought 
into the current of hot air. On the other hand, however, it is 
much too considerable to be able to assume that the heat radiation 
was only brought about by dust particles suspended in the current 
of air. 

The question naturally arises whether the radiation of light 
from heated gases, in the same way as the radiation of heat is not 
extremely slight, therefore easily to be overlooked when the tempe- 
rature is not very high. This possibility must anyhow be conceded, 
and it is very desirable that experiments should be repeated at yet 
higher temperatures, and with better appliances, to fix the limits of 
temperature at which heated gases are undoubtedly self-luminous. 
The fact that gases at a temperature of more than 1500'' C. are 
not yet luminous, shows, however, that the luminosity of flame 
cannot be explained as a self glowing of the products of combus- 
tion. A consideration of the flame itself supports this view. 
When care is taken to quickly mix the gases which are to be 
burnt, the flame becomes shorter, because the process of combustion 
goes on more quickly, and at the same time is of a higher tempera- 
ture, because less cold air is mixed with the burning gases. In the 
same way the flame becomes shorter and hotter, when the gases 
are well heated before burning. As the ascending products of 
combustion still retain for some time the temperature of the flame, 
the opposite effect would happen were the gases self-luminous. 
But the luminosity of flame ceases at a sharp limiting line above 
it, and coincides with the completion of the chemical action. 
This, therefore, must be the cause of luminosity and not the 
heating of the products of combustion by it. If it be assumed 
that the gas molecules are surrounded with an envelope of sther. 
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then on chemical combination of two or more such molecales an 
altered position of their asther envelope must occnr. The motion 
of the aether molecules thus brought about must be balanced by 
vibrations which may form the starting points of the waves of light 
and heat. In a quite similar way the light phenomena may be 
explained which always happen when an electric current is passed 
through gases. As I explained* long ago in describing the 
Ozone apparatus, all gases became conductors of electricity when 
what I have called the polarization maximum belonging to them is 
exceeded. This proves that the dielectric is only able to carry a 
quantity of electricity depending on its nature, t.e., with gases on 
their density, and that with a further increase of the difference of 
potential the phenomenon occurs of the passage of electricity 
through the dielectric. If the production of sparks is prevented 
in an air condenser, as in the ozone apparatus, by a plate of glass 
or mica placed between the condenser plates, then a glow takes 
place in the whole body of gas in the layer of air on passing beyond 
a fixed potential difference dependent on the distance of the plates 
and on the density of the gas, which is repeated on the discharge 
of the condenser. The gas has thus become a conductor of electri- 
city for this difference of potential, and the dielectric of the 
condenser now consists only of the glass or mica plate, which has 
a much higher polarization maximum than the gas^ and^ therefore, 
becomes a conductor much later. As the current conducted by 
the gas always appears to be connected with chemical action, the 
luminosity could also be explained in the same way as with flame, 
by an oscillatory shifting of the aether envelopes of the gas mole- 
cules by means of which the passage of the electricity is effected. 
The light of flame might then be called electric light with the same 
propriety as the light of the ozone-tubes or Geissler's tubes, which 
only differs from the first principally by containing a dielectric of 
very slight maximum polarization. The similarity of the appear- 
ance of the flame in strength and colour is also in favour of the 
agreement of the cause of the luminosity of flame and of gases 
through which the electric current is passed. 

* On electrostatic induction and the retardation of the current in cores. 
PogR. Ann., Vol. CIL, p. 66. 
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ON THE ADMISSIBILITY OP THE ASSUMPTION OF 
AN ELECTRICAL SOLAR POTENTIAL, AND ITS 
IMPORTANCE FOR THE EXPLANATION OF 
TERRESTRLiL PHENOMENA  

My brother, Sir William Siemens, in his paper " On the conser- 
vation of solar energy,^' set np the hypothesis that the son 
possessed a high electrical potential, which probably produced the 
luminous phenomenon of the zodiacal light. He accounts for the 
source and maintenance of this electrical potential by friction of 
the matter, which, according to his theory, after dissociation by 
the rays of light and heat from the sun, streams into its polar 
regions from space. This would be reburnt after condensation had 
taken place, and then flow towards the sun^s equator. In this 
way it would be electrified by friction with the rotating body of 
the sun, and would then be again diffused throughout space in the 
electrified condition, by the centrifugal force of the sun's rotation. 

If this much-disputed theory of my brother be admitted as 
correct, the phenomenon is really similar to that described by mef 
of the electrification of the apex of the Cheops pyramid by the 
whirling aloft of the dust of the desert. It could then be assumed 
that one of the electricities separated by friction was retained by 
the body of the sun considered as conductive, and as insulated from 
the photosphere, the sea of flame, surrounding it, whilst the other 
was diffused through space by means of convection. As it must 
then also be assumed that this convection extends far beyond the 
orbits of the planets, the body of the sun must have an electrical 
potential as regards them, and act inductively upon them. 

I will not enter further into the controversy as to the admissi- 
bihty of my brother's theory. I do not fail to see the importance 
of many of the arguments brought against it, but I am of opinion 
that the assumption of an electrical potential, which this theory 
makes possible is highly in its favour, since some of the most 
important terrestrial phenomena could thus find an explanation 

* Excerpt from the Berlin Academy of Sciencei 31 May, 1888. 
t Pogg. Ann., Vol. CIX., p. 856. 



'^ 



78 THE SCIENTIFIC PAPERS, ETC, OF 



hitherto sought in yain, and on the other hand in the present state 
of scientific knowledge hardly any other explanation for the existence 
of an electrical solar potential can be foand. For so far no prooesa 
is known to ns by which one electricity only is called forth ; we 
know only separations of the two electricities, and sdthoagh such 
separations would most probably occur on a very large scale, owing* 
to the very powerful mechanical and chemical actions on the sur- 
face of the sun, yet they must be again balanced by conduction 
within it, and even if a separation of both electricities was kept up 
in the body of the sun, no inductive action of one of them could 
take place. So long as no new and hitherto unknown facts are 
brought forward, my brother^s convection theory is inseparable 
from the assumption of an electrical solar potential. 

I must not, however, omit to consider the very important objec- 
tion brought against this theory by Messrs. Faye and Him. It is 
that the unchangeability of the periods of revolution of the planets 
around the sun logically excludes the assumption of a space filled 
with matter. Astronomical observations unconditionally require 
the assumption that space is absolutely vacuous, as owing to the 
great velocity of the planets, even the most rarefied atmosphere 
would cause a measurable diminution of the velocity, and conse- 
quently a shortening of the periods of revolution of the planets. 
This would be correct on the supposition that the atmosphere of 
space is relatively at rest. This cannot, however, be the case, if 
the circulation assumed by my brother actually takes place. The 
sun's atmosphere must be assumed to have nearly the same period 
of revolution as the sun's body. Any difference in the velocity of 
rotation, brought about by the powerful ascending and descending 
currents in the sun's atmosphere which must arise from the com- 
bustion of the sun's elements cooled by expansion, and the cooling 
by radiation of the burnt outer layers of the photosphere, will bo 
again equalized by continual friction against one another of the 
portions of the sun's atmosphere rotating with different velocities. 
As yet nothing is known as to the height of this atmosphere rotat- 
ing at the same rate as the sun. According to Bitter's calculations,* 
indeed, the density of the sun's atmosphere, following the sudden 
alteration of the adiabatic curve, diminishes very quickly in the 

 Wicd. Ann., VoL V., pp. 406, 643. 
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region of the atmosphere, in which the supply of heat prodaeed 
by combastion considerably retards the redaction of temperature, 
corresponding to the progressive rarefaction. We do not yet know, 
however, the limit of rarefaction up to which the law of Mariofcte 
and Gay Lussac holds good. If the atmosphere however reach the 
limit, where the force of attraction balances centrifugal force, each 
material particle beyond this boundary must henceforth rotate as 
a planet around the sun. If new particles of matter constantly 
pour into this space, the material most become more and more 
compressed, and a ring be formed which would rotate around the 
sun according to Kepler's law. But if a continuity of the sun's 
atmosphere is assumed this ring formation cannot take place, as the 
mutual friction of the layers of gas extends even beyond the surface 
of equilibrium, and there is consequently an acceleration of the 
layers of gas already in planetary motion. Hence with the increase 
of velocity the distance of all these microplanets from the sun con- 
tinually increases, and consequently that constant outflow from the 
sun's atmosphere into space must actually take place, which my 
brother assumes. This can only take place in the zone of the 
sun's equator, for here the centrifugal force at equal distance from 
the sun's centre is greatest. The density of this atmosphere every- 
where rotating in accordance with Kepler's law in the plane of 
the sun's equator must be assumed to be constant even at great 
distances from the sun, since solar gravitation is everywhere 
balanced by the velocity of rotation. In directions perpendicular 
to the plane of the sun's equator on the contrary the density must 
decrease, for the sun's attraction diminishes as the distance from 
the plane of the sun's equator increases. 

It follows from this consideration that a material current emanat- 
ing from the sun coincident with the phenomenon of the zodiacal 
light must everywhere have the same period of revolution as the 
planets which are at the same distance from the sun. A resistance 
experienced by the planets from the material parts of interplanetary 
space which move nearly uniformly with them round the sun, is 
therefore out of the question. Only a resistance (here negligible) 
must take place in consequence of the inclination of their ecliptic 
to the plane of the sun's equator, which perhaps accounts for the 
observed diminution of this angle of inclination. The satellites 
also in revolving round their planets must experience a resistance 
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from the atmosphere of cosmical space, whilst the outermost layers 
of the atmosphere of the planets, rotating with them, must suffer a 
frictional resistance. As regards the moon, Mr. Him is perhaps 
right when he asserts that at the great velocity of the heavenly 
bodies, even the most rarefied resisting medium would carry away 
their atmospheres. 

Numerous observations render it very probable that space at 
least within the region of the solar system is filled with combus- 
tible material. This also is indirectly very decidedly in favour of 
my brother's assumption, that the products of combustion in a 
state of great rarefaction and at a very low temperature are again 
dissociated by the solar rays. The objection which has been made 
that the work of dissociation would absorb the energy of the 
luminous rays, and thus render cosmical space opaque, may be set 
aside by supposing that it is only the invisible chemical rays 
which accomplish the work of dissociation. But it can also be 
assumed that the work of dissociation has already been accom- 
plished in the course of ages, and that now only the chemically 
combined mass continually emitted from the sun has still to be 
dissociated by its rays of light, which would only require a portion 
of its luminous energy. It would not be easy to explain without 
the hypothesis of dissociation why cosmical space is not filled like 
the atmosphere of the earth with oxygen, nitrogen, and hydrogen. 
It cannot be assumed that the composition of the body of the sun 
is essentially different from that of the earth if both have been 
produced from the same cosmical rotating nebulous mass, for we 
cannot assume a separation of matter in the gaseous state accord- 
ing to specific gravity. Hence, in the solar. system at least, the 
electronegative material must everywhere predominate, and it is 
to be assumed that in the future the cold bumt-up sun will be 
surrounded by an atmosphere containing oxygen in excess. But 
if cosmical space is filled with dissociated products of combustion 
in a state of great rarefaction these must be affected by the sun*s 
attraction, except where, as in the neighbourhood of the solar 
equatorial plane, they are withdrawn from its attraction by plane- 
tary rotation. There must therefore be a continuous inflow of 
dissociated matter towards the sun as my brother assumes, 
especially in the polar regions where centrifugal force is altogether 
absent. If the sun's mass, as may well be assumed, I'emains 
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nnchanged, it means that a ^tate of equilibriom has been attained 
in which as mnch burnt material streams ont from the sun in its 
equatorial zone as is drawn again into its polar regions in the 
dissociated state bj attraction. Hence also would follow the 
current from the pole to the equator as well as the proved lower 
angular velocity of rotation of the gaseous mass of the sun in its 
higher latitudes. 

But although this makes the production of an electrical solar 
potential possible bj friction and the continual removal of portions 
of matter from the sun charged with one electricity, the mechanism 
of this electrification still remains very obscure. The light of the 
sun proceeds from a sea of flame which must have according to 
Bitter's beautiful calculations a height of about 25 kilometres. 
Whether a flame of burning gases of this thickness will still trans- 
mit many heat and light rays of a source of emission of higher 
temperature, and how much of them it will absorb or reflect like 
a cloud layer, wc cannot know. I have lately proved * that gases 
heated to from 1500'' to 2000*" C. still appear quite dark, although 
radiating the more slowly vibrating heat rays at a lower tempera- 
ture. Whether gases become self luminous at yet higher tempera- 
tures has not yet been determined by experiment. But as a small 
flame in a brighter light casts a shadow, it appears unlikely that many 
of the light and heat rays from the deeper and hotter solar strata 
can traverse the thick photosphere. The observed temperature 
and light of the sun are then phenomena, originating essentially 
in chemical activity, which goes on in the sun's atmosphere. 
This requires that the sun's atmosphere rising in the dissociated 
state and simultaneously cooled by increase of volume shall begin 
to bum when the limit of the temperature of dissociation for the 
respective compound is exceeded, and that this combustion shall 
continue until the loss of heat by expansion is equal to the sensible 
heat of combustion. The apparent temperature of the sun will 
therefore be approximately the dissociation temperature, and 
particularly of those compounds which have the greatest chemical 
heat equivalent, such as that of water, the elements of which will 
bum at the greatest height, whilst the heavier masses possessing a 
higher temperature of dissociation already bum in lower regions. 

 Berl. Ber., 1882, p. 961 ; Wied. Ann., Vol. XVI., p. 811. 
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To maintain this npflow of the dissociated elements of the san 
and the oombostion connected therewith, the final prodncts of 
combnstion must return to the body of the snn. As Faye, Bitter, 
Reye, and others have already explained, this takes place, first, 
becanse the products of combustion have a; greater specific gravity 
than the unburnt gases ; and, secondly, in consequence of the 
cooling of the higher strata of the photosphere by the radiation of 
heat and light. In this way the adiabatic equilibrium of the 
different layers becomes disturbed, and the higher having become 
relatively heavier, return in descending currents to the solar 
depths. The reason why these descending currents become visible 
as sun spots only in the middle latitudes of the sun is, that there 
only the conditions for a rotatory motion of the descending current 
exist, by which a vertical direction is given to it. The funnel- 
shaped diminution of the diameter of sun spots is due to the great 
diminution of volume with rapidly increasing pressure. The 
interior of the funnel must be relatively dark, for no luminous 
flame is formed there, as the temperature must be lower, by the 
amount of the heat of dissociation, than that of the snrroundiDg 
unburnt solar substance, and perhaps products of condensation 
have already made their appearance, which keep back like a screen 
the radiation of the deeper more highly luminous layers of the sun. 
On the other hand, it is not unlikely that the solar flames bursting 
forth consist of bubbles of hydrogen and oxygen in the proportion 
to form explosive gas, or of oxygen mixed in proper proportion 
with coal gas, which in consequence of their less specific gravity 
and greater liberation of heat in combustion bursting through the 
penumbra and photosphere rise up high, and the elements of 
luminous flame being absent partly transmit the rays of the hotter 
deeper layers of the sun. The enormous velocity of some of the 
solar flames, hardly to be accounted for mechanically, could then 
be explained by this radiation from the sun's depths. My brother 
in a recently published supplement to his theory of the sun, 
assumes that the body of the sun could not itself be hotter than 
3000" C, since at a higher temperature the chemical rays would 
preponderate, and at much higher temperatures the sun would 
even cease to be luminous. This would be correct if the photo- 
sphere did not act as a screen to keep back the hotter rays of the 
sun's body as it probably does. Indeed, from analogies of observa- 
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tions, we cannot draw any safe conoluBion as to whether a body 
heated to hundreds of thousands or millions of degrees will still 
he luminous. Only rays of so small a wave length might 
emanate from it that they would be incapable of performing any 
chemical work. The apparently dark nucleus of sun spots might 
then be explained by the flameless products of combustion, rela- 
tively cooled by incipient dissociation, returning to the sun, 
remaining transparent,' and permitting radiation through them of 
deeper layers of the sun too highly heated for luminous radiation. 
The violet colour of the nuclei of sun spots would tell in favour of 
this. For attainable temperatures certainly the law holds good, 
that besides the rapid undulations of the aether corresponding to 
the higher temperature, the whole range of the slower also make 
their appearance ; but it cannot be known whether it is not other- 
wise with so very much higher temperatures. 

It was necessary to consider more closely the probable con- 
stitution of the sun's body and the envelope from which its light 
and heat radiate in order to obtain some basis on which to found 
an answer to the question, whether in the present state of our 
knowledge, the hypothesis of an electrical solar potential appears 
admissible. As I have already contended, its possibility is only 
conceivable if a separation of both electricities takes place on the 
son's surface, and if at the same time one of the separated 
electricities is conducted away. As flame is a good conductor of 
electricity, the whole photosphere, and the penumbra (which also 
probably takes part in the process of combustion), may be regarded 
as a conducting covering surrounding the hotter body of the sun. 
Ab besides flames have the property, like points, of transferring 
electricity to what surrounds them, in this case therefore to their 
gaseous products of combustion, the photosphere must be con- 
tinually discharged by a partial outflow of the products of com- 
bustion into cosmical space. If therefore the photosphere were 
insulated from the deeper body of the sun not yet involved in the 
combustion, the latter, if considered as a conductor of electricity, 
could be charged with electricity by f notional or chemical processes 
acting between the conducting body of the sun and the photo- 
sphere. The question whether hot gases are conductors of 
. electricity, even when not luminous, has not yet been proved by 
direct experiments. That gases, like all bodies, become conductors 
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of electricity when the dielectric polarization of their molecules 
has reached a maximnm, and that this maximnm diminishes 
proportionately with the rarefaction of the gases, consequently 
also with their temperature as mesflured from the absolute zero, I. 
have already shown in the year 1857, when describing my ozone 
apparatus. Conductors therefore only differ from insulators in 
the maximum polarization of the former being vanishingly small. 
That in very highly heated gases, as in metallic conductors, the 
polarization maximum would be vanishingly small can hardly be 
admitted. I know of no direct experiments on the dielectric pro- 
perties of highly heated gases rich in flame, but the phenomena of 
the electric spark as well as the luminous appearance in the ozone 
apparatus and in Oeissler's tubes, as well as the beautiM experi- 
ments of Hittorf ,* can be explained even without supposing that 
the conductivity of very highly heated gases differs from that of 
cold gases of equal density. Hence the high temperature of the 
solar gases appears at present to be no obstacle to ascribing in- 
sulating properties to them. Indeed their polarization maximum 
in correspondence with the density of the sun's atmosphere, will 
be greater than that of our cold atmospheric air, notwithstanding 
their high temperature. 

Quite different relations, however, may occur with the appear- 
ance of the critical state at greater depths in the sun. We have 
neither experiments nor analogies to go upon as regards the 
electrical property of the critical state, and may therefore assume 



* Mr. Hittorf, in a communication in Wiedemann's Annalen, Vol. XIX., 
p. 73, says that my communication made to the Academy on the 9th Nov., 
1882, that gases at temperatures of from 1500** C. to 2000* C. appear perfectly 
dark if quite free from flame, and the luminosity of gases on passing an 
electric current through them is a similar process to the shining of a flame, 
which separates no solid elements, had previously been made known by 
himself and others. I willingly allow this as regards the non-luminosity of 
heated gases, and besides I made no claim of priority in this communication, 
yet I believe that I first showed experimentally that such highly heated gases 
actually appear quite dark even when the heated laver of air is more than a 
metre thick, and the eye has become sensitive m the highest degree by 
complete darkness. The Hittorf experiments only proved a relative darkness 
of heated gases. As regards the conductivity of gases (which Faraday 
assumed for high tensions), I may say that in my paper above cited I had 
twenty-five years previously already given the general law which the con- 
ductive capacity of ^es follows. To this paper I might also refer Mr. E. 
Wiedemann, who claims the priority of having shown that the luminosity of 
gases by the passage through them of an electric cuiTent is a result of dielectric 
polarization. 



WERNER VON SIEMENS. 



385 



the interior of the sun to be a metallically condnctiag mass, t. e., 
with an exceedingly small polarization maxilnom. The sarface of 
the son's mass in the critical state might then have an electrical 
potential. The question however would have to be considered 
whether the conducting photosphere might not become electrical 
by induction, on the face turned towards the interior of the sun, 
so that the sun with the photosphere surrounding it would form a 
very powerful Leyden jar, by which induction of the electricity of 
the conducting solar nucleus would be in a great measure excluded. 
This cannot be at once assumed, as the conductivity of flame 
evidently depends on causes directly connected with the com- 
bustion process itself, and therefore quite distinct from that of 
conducting bodies not in chemical action, so that hardly any 
analogy can be inferred between them as regards their capacity 
for electrical induction. I have therefore made some experiments 
as to whether a flame is affected in the same way as other con- 
ductors by inductive action, and these experiments have confirmed 
the hypothesis. Hence two flames insulated from each other may 
act in the same way as other conductors as the coatings of a 
charged Leyden jar.^ It must hence be assumed that the seat of 

* The ezperimeDt was so arranged that a ring-shaped gas bnmer was 
insulated. On openine a gas cock a cylindrical flame of about 2 centimetres 
diameter rose to a height of about 16 centimetres. The flame passed through 
an insulated metallic cylinder of about 8 centimetres diameter surrounding it 
concentrically. Conductiye connection with the flame was effected by an 
insulated platinum wire of circular form placed in the lower part of the flame. 
The charge between this platinum wire and the metal cylinder due to a 
galvanic battery of 50 DanieU cells was then measured with my quickly 
oscillating electro-magnetic switch with the gas cock alternately nearly closed 
and quite open. The difieronce between the deflections of the mirror 
galvanometer was then a measure of the capacity of the Leyden jar formed by 
the flame and metal cylinder. The results obtained are collected in the 
following table : — 



Number of Oscilla- 

tionB of Commatator 

per Minute. 


Difference of 

Deflection of Scale 

between Lower and 

Higher Flame. 


Amount of 
a Discharge. 


810 

600 

700 

1000 


3 
6 

8 
12 


96 
100 
115 
120 



The increasing figures of the last column show that with slow oscillations a 
portion of the charge was lost by conduction. 
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the 8un^8 electricity is to be sought chiefly in the photosphere and 
not in the body of the sun. The electrical properties of flame are 
still very obscure notwithstanding all the experiments hitherto 
made on the subject, and in particular it has not yet been de- 
cisively determined, whether a difference of potential spontaneously 
produced exists or not between the different zones of flame, espe- 
cially between that where the combustion begins and where it ends. 
If this were the case, as appears probable from experiments by 
Biess and others, the cause of the sun's electricity might be sought 
therein, with the enormous dimensions of the sea of flame sur- 
rounding the sun and the correspondingly great differences in 
temperature and density, since the electricity of the outer layers 
of the photosphere would pass over to the products of combustion 
and with them be partly transferred to space in the direction of 
the plane of rotation of the sun, according to my brother's hypo- 
thesis. But even if the process of electrification has to be sought 
in solar combustion, in the friction of matter flowing in from 
cosmical space, or in other causes yet unknown, the possibility of 
the existence of an electrical solar potential is given by the 
equatorial diffusion of solar products of combustion in cosmical 
space. 

But this possibility rises to the rank of great probability when 
one considers how easily difficult and still unsolved problems of 
terrestrial phenomena can be solved with the help of a solar 
electrical potential. If the sun possesses a high electrical potential 
it must act inductively on all heavenly bodies, and therefore also 
on the earth. But an accumulation of one kind of electricity on 
its whole surface can only occur when the opposite electricity 
liberated is conducted away, and this is only conceivable by 
diffusion in cosmical space. The process is approximately the 
same as takes place when a charged spherical conductor is placed 
opposite to a little insulated ball. The ball then gradually takes 
an opposite charge whilst the similar electricity is lost by dissipa- 
tion into space. As regards the earth the dissipation of the so- 
called free electricity due to the sun's induction is greatly 
favoured by the extreme rarefaction of the upper strata of air and 
by the ascending and descending currents of air charged with 
moisture, as by these the free electricity is conveyed to the upper 
strata of highly rarefied air, the occurrence of electric currents in 
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which is proved by the zodiacal lights. They might be considered 
as the electrical compensation taking place on the limit of the 
earth's atmosphere between the materials flowing out from the sun 
charged with negative electricity and the liberated positive induced 
electricity of the earth. This balance must always take place 
when by a change of the sun's potential that of the earth is also 
changed. For the restoration of the balance positive or negative 
electricity must flow out from the earth ; therefore a balance must 
take place at the boundary of the atmosphere with the negative 
electricity pouring out from the sun, or this must flow to the 
earth. The reason why this interchange takes place specially at 
the polar surfaces of the earth may be that the polar air is more 
strongly electrical, as it is continually displaced by the more 
strongly electrified air brought by the equatorial current of air in 
the upper regions of the atmosphere, and consequently receives the 
whole mass of the electricity of the highest strata of air of the 
lower latitudes. Earth currents being intimately connected with 
the northern and southern lights are then to be considered as a 
necessary consequence of the compensation of the variations of 
intensity of the sun's and earth's electricity taking place, especially 
in the polar regions. These compensation currents must on their 
side affect the magnetic needle by their electrodynamic action. 

But the question here obtrudes, itself whether the earth's 
magnetism itself is not to be considered as an electrodynamic 
action of the electric charge of the earth. According to the 
interesting experiments which Mr. Rowland has made in Helm- 
holtz's laboratory under his direction, it may be considered as 
proved that static electricity when mechanically moved produces 
electrodynamic effects in the same way as an electric current. 
Hence, if the surface of the earth is charged with electricity of 
great density, magnetic phenomena must be exhibited in conse- 
quence of its rotation, just as if electrical currents circulated 
around it, carrying round it in each latitude during the period of 
revolution as much electricity as the static electricity found on the 
respective surface rings. It will not be difficult for skilled mathe- 
maticians to calculate what must be the density of the electricity 
on the earth's surface in order to produce by its rotation the 
earth's magnetism. As the magnetic moment of a circular current 

is in proportion to the surface surrounded it may be seen that* it 

c c 2 



388 THE SCIENTIFIC PAPERS, ETC, OF 

mil not be inadmissibly great, taking into consideration the great 
dimensions of the earth. Further, oq accoont of the colossal 
dimensions of the sun, the surface of which is 11,488 times that of 
the earth, whilst its distance is only 22,934 times the earth^s 
radius, the density of the sun's electricity needs only to be about 
twice as great as that of the earth to call forth the latter by 
electrical induction. If the whole surface of the earth were 
equally charged with electricity the magnetic poles would agree 
with the earth's poles of rotation. As this is not so, and as 
generally great irregularities take place in the distribution of the 
earth's magnetism over its surface, the distribution of the static 
electricity on its surface must also be irregular. This also appears 
probable when one remembers that about one-third of the earth's 
surface consists of land, and that greatly of rock, often only thinly 
covered with badly conducting eartL The accumulation of the 
induced electricity will consequently have to be sought rather on 
the surface of the incandescent well-conducting interior of the 
earth, by the greater distance of which from the earth's surface 
the preponderating influence of the nearest lying masses of 
electricity found in convective motion is diminished. Whether it 
will be possible to deduce the existing distribution of the earth's 
magnetism and its observed secular and irregular disturbances 
from this theory of the cause of the phenomenon of terrestrial 
magnetism will depend on later special investigation. The daily 
regular disturbances might be explained by the density of the 
induced electricity on the side turned away from the sun being 
somewhat less than on the side turned to it. This unequal density 
of the earth's electricity, dependent on the position of the sun, 
must proceed with the rotation of the earth, and may therefore be 
the cause of the regular equatorial earth currents discussed by 
Lamont. The magnetic disturbances of the moon may likewise 
find their explanation in the reaction of the lunar electricity upon 
the distribution of the induced electricity of the earth. On the 
other hand the secular alteration of the position of the magnetic 
poles can only be attributed to unknown cosmical causes. 

But if this theory still leaves much to be explained, it at least 
affords the possibility of giving an explanation of the origin of the 
earth's magnetism in agreement with our previous experience. 
This is not the case with any previous theory. The hypothesis 
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of a central magnet in the interior of the earth is contradicted by 
the nniversal experience that a red heat destroys the magnetism 
of all bodies, and cannot be maintained without quite giving up 
the foundation of experience. The hypothesis of a stratum of 
magnetic ore in the earth^s crust as the seat of the earth^s 
magnetism is contradicted in the first place by calculation, for the 
magnetism of such a stratum, even if assumed to be of the greatest 
possible thickness and magnetized to a maximum, would not sufiSce 
to produce the existing magnetism of the earth ; and again there 
is the impossibility of finding a cause for the magnetization of 
this stratum of ore, since it cannot have been in existence from the 
beginning but must have first arisen after the cooling of the 
earth. The same could also be maintained of the theory set up 
after Faraday's discovery of the magnetic properties of oxygen, 
that the oxygen of the air was the seat of the earth's magnetism, 
if calculation had not already shown that the seat of this 
magnetism cannot be outside of the earth^s surface. Just as 
little can the theories of the earth's magnetism meet with con- 
sideration which depend on thermo-electric currents, or as Zollner 
attempted to base his, on convection currents in the interior of the 
fluid earth, since in a medium conducting equally well in all 
directions such currents cannot occur. Besides no cause can be 
found for the existence of permanent regular currents of the fluid 
interior of the earth. 

Just as an electrical solar potential affords the possibility of 
explaining the earth's magnetism and the phenomena connected 
with it of the northern and southern lights and earth currents, it 
also serves to explain atmospheric electricity and thunder-storms. 
Lament has already assumed that the earth must be charged with 
negative electricity to explain the varying and irregular atmo- 
spheric electricity. His opinion that this electrical charge was to 
be explained by thermoelectric differences is however as little 
tenable as the opinion that frictional processes could produce an 
electric terrestrial potential, which can only arise from cosmic 
influence and the removal of the similar electricity which becomes 
liberated by diffusion in space, or its neutralization by the oppo- 
sitely charged matter which flows out from the sun in the direction 
of the plane of the sun's equator. But if this is assumed to be 
the case, that consequently the earth forms with the sun a 
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condenser whose separating dielectric is the atmosphere of the 
sun and of the earth and the interplanetary space filled with 
highly rarefied matter, all the conclusions drawn by Lament and 
others from the electric charge of the earth are justified. But to 
account for the electricity of thunderstorms, the trifling and 
variable electricity of the atmosphere to which it has hitherCo 
been attributed does not seem suflScient. It cannot be assumed 
that the sudden production of the enormous quantity of electricity 
which occurs, especiaUy in tropical storms, originated in the feeble 
electric charge of the comparatively small quantity of air that 
carried the thunder-clouds. The sources from which it arises 
must be more productive. Such a source of inexhaustible vast- 
ness is found in the electrical charging of the earth by solar 
influence. When a conducting body is brought near to a large 
electrically charged sphere it is subjected to the inductive action, 
of the electricity on the surface of the sphere. If the positive 
electricity collected in that part of the conductor furthest firom 
the sphere finds a means of transmission to still more distant 
conductors, the first conductor becomes permanently chaiged with 
electricity, the polarity of which is opposite to that of the sphere. 
But if the elevation of the conductor above the surface is only 
slight in proportion to the diameter of the sphere, then the 
difference of tension between the surface of the sphere and the 
furthest point of the elevation can only be small. On this account, 
even with a great density of the electricity on the earth's surface, 
no electrical repulsion can take place there, and even on mountain 
tops it cannot be very considerable. But the relation is otherwise 
when a sphere is charged by induction from a distant electrical 
sphere. The lines of force passing, according to Faraday's 
molecular distribution theory, from the charging to the charged 
sphere irom which the electricity is led away, meet the latter 
everywhere almost perpendicularly, and with a great distance 
between the influencing spheres acting upon each other in propor- 
tion to the diameters of the spheres, in nearly equal number on 
the side turned to as on that turned away from the distributing 
sphere. If now an insulated conductive screen covering a portion 
of the surface of the influenced sphere is brought near to the 
latter, it will not, if thin, become perceptibly electrical But as 
isoon as the screen is touched conductively it takes the electricity 
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opposite to that of the sphere, whilst that of similar sign is con- 
dacted away. The behavionr is inverted when the screen is itself 
condnctivelj connected with the sphere, the screen then forms a 
portion of the surface of the sphere, and takes its electrical charge, 
while the portion below the screen becomes non-electric. Thnnder 
clonds on the earth^s surface form screens of this character. If 
snoh a cloud screen is supposed to form a portion of the earth^s 
upper surface it will remain unaffected by the earth's electricity, 
so long as the conducting particles of water are insulated and at a 
great distance from one another. Hence mist and light clouds do 
not become electric. But as soon as the mist has so far condensed 
that its conductiDg portions come into contact with one another, 
or the distance between them becomes so small that electricity of 
very slight tension can spring over the intervening space, the 
cloud is subjected to an induction process. This can be brought 
about by its being put into conductive connection with clouds in 
very high regions by ascending cloud vortices. This cloud con- 
ductively connected is then electrified in its lower part with 
electricity opposite to and in its upper part with electricity similar 
to that of the earth. But a dense conducting bank of cloud may 
also come in one or more places into conductive connection with 
the earth itself. Then it forms a portion of the earth's conducting 
sur&ce, and takes up its electricity.* 

* Daring a voyage on the Mediterranean in the neighbourhood of the 
Spanish coast between Carthagena and Almeria in the winter of 1865, I had 
an opportunity of obuerving tne course of the phenomenon of a water spout, 
whien appears to me to tell decidedly in favour of this conception. 

Between the ship and the coast in the vicinity of Almeria, with a so-called 
dead sea which was considerably agitated without much motion of the air, 
appeared a dense but apparently not high bank of cloud under which the sea 
appeared to be in the wildest commotion. It had the appearance of a white 
round spot, the diameter of which the seamen estimated to be 2 or 3 
nautical miles, foaming high up, whilst the surrounding sea had only smooth 
waves without any breakers. Notwithstanding the considerable distance of 
the ship from the place of agitation, probably several nautical miles, it could 
be clearly seen through the telescope that the wild sui^ of the sea rose many 
metres above the clearly defined surface of the relatively smooth sea. The 
clouds descended at one place in the shape of a funnel, forming a streak of 
cloud curved like an elephant's trunk, which reached down very nearly to the 
foaming surface of the sea, and branched out somewhat below. Perfect 
contact with the foaming surface could not be perceived, and what seemed 
surprising the sea did not foam any more under the cloud trunk than in other 
places. The trunk itself slowly rotated, if I remember rightly, in the 
direction of the hands of a watch over the white spot, and its junction with 
the cloud also took part in this motion although not to the same extent. 
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The latter process wotdd most easily oocnr on the slopes of steep 
mountains, against which the layers of cloud rest ; hence moun- 
tains frequently cause storms. Electricity does not appear to 
play any essential part in the production of clouds which cany 
thunder storms. The cause of the formation of clouds is to be 
sought as a rule in the ascending and descending motion of the 
air, to which not only this, and the rain falling from the clouds, 
but also the letting loose of storms is almost exclusively to be 
ascribed. The various views on this subject still prevailing in 
meteorology appear to me to require correction on some points. 
If the equilibrium of the sea of air was not constantly disturbed 
by unequal heating and cooliog of the air by radiation, the 
temperature and density of the air up to the greatest heights 
could not but be in so-called indifferent equilibrium, and in such 
a way that the loss of temperature with increasing height would 
be everywhere equivalent to the work of expansion of the gas. 
The higher temperature of the air of the lower latitudes would be 
balanced by slowly travelling whirlwinds with a horizontal axis of 
rotation, as is shown on a large scale by the trade winds, and 
finally the whole sea of air would possess equal temperatures at 
equal heights. This indifferent or adiabatic equib'brium is now 
continually disturbed by extra heating of the earth^s surface, and 
of the lower strata of the air by solar radiation, by absorption of 
the same on passing through the atmosphere, and by the extra 
cooling of the higher strata by radiation outwards. The lower 

Unfortunately, after about half-an*hour*8 observation, during which the trunk 
had made about a revolution and a half, its point remaining constantly at 
about one-third of the radius of the white spot from its margin, the approach 
of night and the increasing distance prevented a further contemplation of 
this interesting phenomenon, which was foUowed with the greatest attention 
by myself, my brother William and his wife, and the naval officera belonging 
to the French cable ship on board of which we were. No whirling motion 
was perceptible, and there was almost a dead calm. The phenomenon could 
only have been a purely electrical one, and must have consisted in an electric 
current from the earth to the cloud. If this current is assumed to have 
become so strong at one place that the water was electrically carried up and 
a conducting water communication formed between sea and cloud, the rota- 
tion of the trunk under the influence of the earth's magnetism is aLso 
explicable. During the night a storm raged on the Spanish coast, the origin 
of which we had probably observed in the water spout ; the latter appears 
afterwards to have travelled from the Spanish to the African coaat, for 
towards the end of the night, our ship, which was near to the African coast, 
was overtaken by so fearful a storm that it was in the greatest danger. The 
storm lasted but a few minutes, and the seamen were hrmly of opinion that 
the water spout had passed over the ship. 
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Btrata would thns become lighter and the upper heavier ihau the 
adiabatio equilibrium requires^ and this disturbance must be 
equalized by ascending and descending currents in the atmosphere. 
As the ascending air which has become warmer on the ground, 
corresponding to the adiabatic curve of temperature, preserves 
this surplus heat on ascending, but the upward impulse increases 
with the increasing height of the ascending current of air, because 
the succeeding layers of air on the ground have always the same 
excess of temperature, the upfiow must continue wherever it has 
once been produced by specially favourable local conditions, until 
the difference of temperature is equalized. The work performed 
by the upflow of the relatively lighter air, and the downflow in 
other places of the relatively heavier air cooled by radiation, must 
be converted into via viva as it sets the air in quicker motion. 
This is effected essentially by the increase of volume of the 
ascending air with diminution of its pressure. As the air space 
becomes only slightly greater with the height, owing to the great 
diameter of the earth, the velocity of the ascending air must on this 
account increase in nearly the same proportion as the diminution 
of pressure. In the highest regions of the atmosphere up to which 
each upcurrent will reach, the velocity of the air must therefore be 
very considerable, and with the same velocity the surrounding 
calm air must there be pushed aside to make room for that which 
has arrived. This displacement will chiefly take place towards 
the direction where a descending current of air has been formed 
to replace the superheated air flowing along the ground to the 
place of the upcurrent. The descending air becomes denser with 
descent in proportion to the height to which it had risen, hut at 
the same time it retains the velocity it had in the tipper regions. 
It is evident that a very great velocity of the air on the surface of 
the earth may finally result if the disturbance of the adiabatic 
equilibrium was qualitatively and quantitatively considerable. 
These local storms, the direction of which is modified by the 
rotation of the earth, according to Dove's law of rotation must be 
specially violent if the upcurrent itself is confined within narrow 
limits, for then the compensating process, i»e., the conversion of 
the energy accumulated in the disturbance of equilibrium into 
velocity of air, is confined to a proportionately small quantity of 
air. But strong stonos extending over whole continents can also 
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be produced by ascending currents of air of great local extent. 
That the descending current of air produces an increase of 
pressure on the surface of the earth, and the ascending a diminu- 
tion follows from the laws of mechanical motion. But the motion 
of the air itself must always cause a fall of the barometer, as the 
air in motion carries with it the motionless air at their boundary 
of contact, and consequently produces a rarefaction. The final 
result of the balance of the disturbance wUl therefore be to put 
greater and greater masses of air into whirling motion, and finally 
to transform vii vwa into heat by means of friction. 

It foUows from these considerations that the aqueous vapour in 
the air does not play that great part in its motion usually 
attributed to it, as the phenomena of the motion and pressure of 
the air can be explained without the water contained in the air. 
Only the origin of the storms, i.^., in this case the place of 
acceleration of the masses of air must be sought not at the earth's 
surface, but essentially in the highest regions of the air. If the 
atmosphere consisted of aqueous vapour only, the phenomena 
would be just the same. Steam obeys the adiabatic law of 
expansion just as air does, only the density and temperature 
diminish with increasing height much less with steam than with 
the permanent gases of the atmosphere. According to Bitter an 
atmosphere of steam would be thirteen times as high as one of air. 
According to Clausius and Sir William Thomson, a continuous 
condensation, it is true, always occurs with the adiabatic expan- 
sion of steam, but at the heights in which, according to experience, 
the formation of clouds occurs, it must be too small to bring about 
the observed precipitation. The cause of the condensation taking 
place in ascending air currents lies essentially in this, that the 
steam is intimately mixed with the air and that in the ascending 
current it does not take the adiabatic temperature belonging to it, 
but that of the greatly preponderating mass of air with which it is 
mixed. Now as the^air is cooled much more quickly than the 
steam with increase of height, this is cooled below the adiabatic 
temperature belonging to it ; and this diminution of temperature 
causes its condensation if the point of saturation of the steam be 
exceeded. 

To this conception is apparently opposed the circumstance that 
aeronauts have frequently proved that strata of wanner often 
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overlie those of colder air, whilst the law of adiabatic expansion 
requires a constant diminution of the pressure and temperature. 
But this is easily explained by the varying nature of the earth's 
surface, owing to which the ascending current of air varies as 
regards temperature and hygrometric condition at different times 
and places. If the hygrometric condition of such a hot ascending 
mass of air is so great that the water is partly separated during 
ascent, and M\r as rain, the air met with in the upper strata of 
the atmosphere is still further heated by absorbing the latent heat 
of the aqueous vapour ; its volume and buoyancy are thereby 
increased ; the final result must be a stratum of relatively warm 
and comparatively dry air, which is then moved forwards by 
flowing expansively over colder but moister, and therefore lighter 
air.* These deviations from the rule that the temperature and 
density of the atmosphere diminish with increasing height, while 
the hygrometric state increases arc easily explained. The latter 
must be the rule at least for higher latitudes, since the masses of 
warm air continually rising in the calms in a relatively humid 
condition on their way to higher latitudes, generally sink again to 
the earth as descending currents after loss of the greater portion 
of their heat by radiation, but must partly also reach the higher 
latitudes as upper equatorial currents. In this greater humidity 
of the higher strata of the atmosphere is to be sought the cause of 
rainfalls even with descending currents of air. If the temperatm'e 
of a very moist upper current be cooled by radiation below the 
point of saturation of the vapour of water, cirrous clouds will be 
formed probably consisting of crystals of ioe.f The latent heat 

* KrQnig has already proved that aqueous vapour mixed with an ascending 
current produces by its condensation no diminution but rather an increase 
of Yolume, as the latent heat of the steam increases the volume of the 
air much more than the volume of the condensed vapour. Fortschritte der 
Physik, Vol. XX., p. 626. 

T It is, however, very likely that in the high regions of the atmosphere 
both water and steam retain their state of aggregation much below their 
points of freezing and condensation respectively. It is known that water 
can be cooled far below 20° C. without freezing if there are no solid bodies 
present in it to induce crystallization, and violent agitation is avoided. 
Tha^ steam in the same way can continue as steam below its point of 
condensation has not yet been proved experimentally. We know only of 
the retardation of the boiling point whicn gives occasioh so frequently to 
■team boiler explosions. It is, however, not unlikely that this retardation 
of boiling corresponds to a retardation of condensation. It would be difficult 
to prove this experimentally for there are no means of cooling a mass of 
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of the steam and water set free in this manner will again heat 
these strata of air and protract the process of the formation of 
heavier snow-clouds ; but if the process is completed by continual 
loss of heat through radiation, the weight of the ice no longer 
filling any considerable space must disturb the adiabatio equi- 
librium and a sinking of the cloud mass commence. The con- 
densation and heating taking place melt the snow again, and the 
necessary latent heat is withdrawn from the air. The adiabatic 
equilibrium is thus still further successively disturbed and the 
result will be a cold descending i^ir current with rain. The 
density of these slowly descending rain clouds will not however be 
great enough to make the clouds electrically conductive and 
consequently no formation of electricity by induction can occur. 
But it is otherwise when by local overheating of the air near the 
earth's surface a local upcurrent with. rainfaU is produced. The 
upcurrent may then acquire a velocity greater than that of the 
drops of water falling in the resisting air ; these therefore will be 
whirled into the upper regions, the temperature of which is much 
below freezing point and be frozen to hailstones. With the rapid 
increase of volume and the corresponding lateral expansion of the 
accelerated current the next higher strata of air which are 
relatively wet and cold are set in motion about a horizontal axis 
of rotation, and combine with the whirlwinds ascending and 
rotating about a vertical axis. The violent whirling motion into 
which the hitherto calm overcooled sea of air is thrown will now 
bring on a sudden production of water and ice. The whirls with 
horizontal axis of rotation may thereby acquire a great diameter, 
and cast up the grains of ice again into the ice region until they 
become too heavy and fall to the ground as hailstones, or, after 
passing through lower warmer strata of air, as cold drops of rain. 
By this copious production of rain in a short time, the water 
particles of the path of cloud up to the higher strata of air are 
now brought so close together that it becomes a conductor of 
electricity, and is consequently exposed to electrical induction. 

steam out of contact with solid or liquid bodies. Without this assumption 
it cannot weU be explained why the sky is not always entirely covered with 
cirrus clouds, for it would have to be assumed, that water particles which 
have become fluid in the great rarefaction of the higher strata of air do not 
appear as clouds. 
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If at any part it is in conductive connection with the earth, the 
earth^s electricity mnst flow into it, and it then receives similar 
electricity ; if it is not so, then it is charged in the neighbourhood 
of the earth with opposite electricity, whilst the similar electricity 
escapes by the conducting whirling cloud into the higher regions. 
Where the conduction of the cloud is imperfect, it is temporarily 
restored by lightning springing between the cloud layers insulated 
from one another, or between cloud and earth ; and finally on the 
whirling storm passing away and the cloud formed by it breaking 
up, the whole electricity will be brought into equilibrium through 
flashes of lightning with the earth^s electricity, or will in part pass 
into the air as atmospheric electricity. 

Many observations on the formation of thunderstorms have 
been made from the tops of high mountains or balloons ; in almost 
all of which numerous cloud layers are spoken of over each other 
which were in connection with one another or between which 
lightning flashes occurred. The most instructive description is 
that of Mr. Wite,* who observed the origin of a heavy thunder- 
storm from a balloon. " He saw two layers of cloud, one about 
2,000 ft. above the other, from the upper of which snow, rain 
and hail passed to the lower. Between the two passed noiseless^ 
yellow, wave-like masses of light Electrical discharges with 
lightning and thunder occurred always in the lower layer, but the 
storm was much stronger above both layers than below them. A 
west wind set the upper layer in quick motion." That the 
observer could only see two clouds placed over each other is 
explicable, as bis balloon was in the space between them. It may 
be assumed that there were several more such cloud layers up to 
the highest regions of the air, between which the observed precipi- 
tation and processes of electric conduction took place. The cloud 
layers were conductively connected with one another by the heavy 
rain pouring down from the upper cloud layer, especially from its 
centre, and thus submitted to the process of electrical charge and 
discharge. 

It might be brought forward as an objection against the theoiy 
of an electric solar potential, that the electric attraction between 
the sun and planets, and the repulsion which the latter must exert 

• Fortscliritte der Physik, 1852, p. 762. 
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on one another and on their satellites would modify the basis of 
astronomical calculations, for then besides gravitation another 
force, viz., electricity would have to be considered. 

This objection is quite correct. But as electric force like gravi- 
tation, varies in proportion to the square of the distance of the 
attracted points, the courses of the planets would remain unaltered, 
if a portion of the attraction of gravitation were replaced by that 
of electricity. Only the calculated ratio of the masses of the sun 
and planets to that of the earth would be altered. These altera- 
tions would be specially noticeable as regards the smaller planets 
and the satellites, since the electric force is a function of the 
surface. On the other hand, the disturbing influences which the 
planets and their satellites exert on their respective orbits must be 
changed if gravitation is diminished by electric repulsion. 

Perhaps it will be reserved for astronomy to determine from the 
perturbations of the orbits of Mercury, the asteroids and the 
satellites, the existence or non-existence of a solar electric 
potential. 



After the reading of this contribution, a friend drew my atten- 
tion to the circumstance that I had neglected to enter into the 
intimate and remarkable connection existing between the periods 
of solar sun spots and those of terrestrial and magnetic disturb- 
ances in the form of earth currents and the Northern and Southern 
Lights. This connection serves actuaUy as an important proof of 
the existence of electrical solar potential. If the sun spots are as 
I have explained to be considered as currents of solar material 
returned after combustion in the luminous solar atmosphere to the 
body of the sun, which thus becomes visible in the equatorial 
solar latitudes as sun spots, as the conditions are there present for 
the production of whirling motion, the number of sun spots must 
then be a measure of the energy of the combustion. The ten to 
eleven years' periods of the sun spots would then mean, that the 
combustion became more active every ten or eleven years, then 
gradually returning to its original amount. But as with the 
increase of the combustive activity a greater outflow of electrified 
material from the sun, and indirectly an increase of the electric 
solar potential must take place, the connection of sun spots with 
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the appearance of the northern and southern lights, earth currents 
and magnetic disturbances is explained. The reason of the ten to 
eleven years' solar period can only be sought in disturbances or 
partial revolutions of the gaseous solar body itself. Indeed, such 
revolutions must necessarily happen from time to time as the upper 
layers of the sun's body become cooled by the radiation of heat 
and light. This cooling is adjusted by the descending currents of 
products of combustion, which penetrate to a considerable depth 
into the still dissociated gaseous mass of the sun, and through 
admixture with it partly restore the heat lost by dissociation. The 
consequence will be that the outer solar layers are cooled below the 
adiabatic temperature appertaining to them, that therefore in 
place of the indifferent a stable equilibrium arises which will be 
maintained for some time in the same way as superheated air 
above ground strongly heated by solar radiation. But if this 
disturbance of the adiabatic equihbrium exceeds a certain limit, 
a change in the sun^s mass must occur. The relatively colder 
outer layers of the sun must sink into the depths of the sun, and 
the relatively lighter and hotter deeper layers must take their 
place. Experience proves that such a change occurs every ten to 
eleven years. With it there is again obtained uncooled heated 
solar matter for combustion ; this is consequently strengthened 
and followed by an increase of the visible rotatory back currents, 
the sun spots, and indirect oscillations in the magnitude of the 
solar potential. 

I must remark in conclusion, that many of the views explained 
in my paper have already been published elsewhere, and I do not 
claim them as mine. I refer here specially to the writings of 
Bitter on the constitution of gaseous bodies, and Eye's book on 
cyclones. But it was impossible for me in the limited space of 
this communication to mention the authors of all the opinions 
which I have made use of. 
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A CONTEIBUTION TO THE THEOBY OF MAGNETISM * 

EYEfi since the proper constraction of elecfcro-magnetic machines 
has become a matter of considerable practical importance, the 
question how size and shape of electro magnets may be selected, 
BO that the greatest effect may be produced with a minimum of 
material and bulk, has arisen in the most various forms. The 
ingenious theories proposed and elaborated with a yeiy consider- 
able expenditure of mathematical knowledge and skill seldom 
supply the necessary data for the solution of these questions. No 
doubt the reason of this is, that the production and distribution of 
magnetism in magnetic bodies, of which practically iron only in 
its varions molecular conditions has to be considered, the induc- 
tion of the existing magnetism, the strength of the magnetic field 
depending on it, and finally, the reaction of the latter on the 
strength of the magnetism generated in the iron, and its distribu- 
tion, have as a role, been separately considered and calculated. 
Although we thus obtain the bases for solving the several questions 
proposed, yet a perplexing number of laws and empirical formulse 
are placed before the electrical engineer, which makes it impossible 
for him to form a clear conception of the primary connection of 
the phenomena which would serve him as a guide in his constrac- 
tion. This unsatisfactory condition may arise from the fact that 
all magnetic theories started fi'om permanent magnetism in the 
same way as electrical theories were founded on electrostatic 
phenomena being those first known. Permanent magnetism is 
however only a secondary magnetic phenomenon. It is the 
remains of a previous stronger magnetization whose laws are to be 
derived from those of electro-magnetism, for magnetism in general 
is only to be conceived of as an electrical phenomenon. The 
electric current, or more generally, electricity in motion is the 
only known source of all magnetism. I have already expressed 
the opinion on another occasion in this place, that this must also 
be the case with the earth's magnetism, and accounted for it in 
that till now at least no other cause is conceivable than the rota- 

• Monthly Report of the Berlin Academy of Sciences, 23rd Oct., 1884. 
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tion with the earth abont its axis of the acGumnlated electricity 
resting on its surfEK^e. Magnetic iron ore and other bodies exist- 
ing in nature in the magnetic condition evidently owe their mag- 
netism to that of the earth, or probably in special cases to the 
direct action of electrical discharges. 

If on the other hand we proceed upon the assumption of ^ body 
directly or indirectly magnetisable by* an electric current, which 
retains no magnetism when the cause of magnetization ceases, and 
assume with Faraday that the propagation of the magnetic action, 
both in the magnetic bodies themselves, and in the surrounding 
space takes place only from molecule to molecule, or from one 
element of space to another, then it must be further assumed, that 
both actions, the inner and outer, must be entirely dependent on 
one another. In a bar of iron around which an electric current 
circulates only so much magnetism can be produced by the elec- 
trical inductive force acting on it, as is bound up in the space 
surrounding the iron bar by the magnetic induction— proceeding 
in the direction of Faraday^s lines of force from the north mag- 
netic to the south magnetic particles of the bar — and thus forming 
a magnetic closed circuit. 

If this idea is proved by experiment to be admissible, the laws 
of the molecular communication of heat, electricity and electro- 
static induction must be also applicable with the necessary modifi- 
cations to magnetism. We should then be able to lay down a 
universal law for the strength of magnetism of the form '' Sum of 
the magnetising forces divided by the sum of the resistances op- 
posed to them '' which would remove many difficulties and apparent 
contradictions. 

The further law would then also hold good that in every section, 
which cuts through all existing lines of force, the sum of the 
magnetic moments of all the magnetic molecules cut through 
is equal to zero. 

Such a section can only pass through the neutral magnetic 
centre of the magnetized body, separating the north and south 
magnetism, and then the sum of the magnetic moments of the 
iron molecules cut through must be as great as that of the 
molecules or space elements cut through outside the iron. 

The order of electrical phenomena would then be, that an 
electrical difference of potential making its appearance between 

VOL. I. D D 



402 THE SCIENTIFIC PAPERS, ETC., OF 

two bodies located in the insulating medium excites on their 
surfaces a quantity of static electricity of opposite polarities, 
whose magnitude depends on the resistance which the non- 
conductive surrounding medium opposes to the electrical induc- 
tion. This resistance is dependent on the dimensions of the space 
and on a coefficient of induction proper to the material filling it. 
If the surrounding space is not insulating, but entirely or partly a 
conductor of electricity^ then electric currents are produced whose 
strength depends on the sum of the resistances opposed to the 
movement of the electricity. The electric current or electricity in 
motion has again the property of attracting similarly directed 
currents and their conductors respectively and of repelling dis- 
similar. If one assumes with Ampere, that the magnetic material 
is filled with pre-existing molecular currents, then the electric 
current must have the tendency to turn these elementary solenoids 
from their position of equilibrium in such a way that their axes 
fall upon the peripheries of circles surrounding concentrically the 
current carrier. If any material, such as iron for instance, 
contains a greater number of such molecular currents in a unit of 
space, then the work of the current must be greater, for a greater 
number of solenoids, which the current tends to tarn, is contained 
in each cross-section of the concentric ring. But as the intensi- 
fying effect, which the consecutive sections must exert on each 
other on account of the diminished distance of the elementary 
solenoids from one another is now also greater, then on both 
accounts the sum of the moments of a concentric ring of iron 
must be greater than that of a ring of equal dimensions filled with 
a less magnetic material. Another way of expressing it is that 
iron and other so-called magnetic bodies oppose less resistance to 
magnetic polarization than non-magnetic bodies, or that their 
magnetic conductivity is greater. Magnetic induction cannot 
make its appearance with rings of homogeneous material, which 
surround a conductor concentrically because all the lines of force 
lie within the ring. The relation is different in an iron ring 
which is not closed. Since the resistance of iron to magnetic 
induction is only about -s^th that of air, as follows from the 
experiments described later on, the total magnetism of an interrupted 
ring must be less corresponding to the great increase in resistance to 
induction caused by the air-gap at the point of interruption, and 
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the lines of induction or of force uniting the portions of the ring 
must fill the whole surrounding space in very different strengths 
and produce in it the phenomenon of magnetic attraction and 
induction, or those of so-called free magnetism. 

According to this, Ampere's theory would have to be extended, 
by supposing that not only magnetic bodies, but that all bodies, as 
well as empty space, were filled with pre-existing current whirls of 
very small dimensions, and that magnetic bodies only differed 
from non-magnetic, in that in the former the number of current 
whirls in a unit of space is much greater than in the latter. 

All magnetic phenomena would then be referred to the property 
of the electric current of exerting a directive force on the molecular 
solenoids, distributed throughout space, and existing in greater 
number in so-caUed magnetic bodies, which seeks to place their 
axes at right angles to its direction, and tends to arrange them in 
closed concentric circles of attraction. The amount of this axial 
rotation depends on the one hand on the strength of the directive 
or magnetizing force, and on the other on the number of current 
whirls pre-existing in the unit of volume, for which numerical 
ratio the expression "magnetic conductivity" or its reciprocal 
" magnetic resistance " may be employed. 

As a test of the admissibility of this view, the ca^e of an iron 
ring or iron tube closed on itself and symmetricaDy wound with 
insulated wire, which case has been frequently examined both 
theoretically and experimentally, seemed to be especially suitable, 
for according to Kirchhoff's experiments, no magnetic induction 
takes place, with such a ring when symmetricaUy wound. I have 
previously obtained * firom Ampere's formula the value 

M = 4 IT . Z . « . i . 

for the magnetism of an iron tube, the thickness of the metal of 
which is 8, and the length ?, traversed by an axial current of the 
strength », and I have proved its accuracy by experiment. 

If an iron ring of section q and mean radius p is surrounded 
with a close wound coil, then according to the above considera- 
tions, the magnetizing force is proportional to the current 

* Berlin Acad. Report of 28 June, 1881, p. 701. 

D D 2 
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strength t, multiplied by the number of convolutionB, for which 
the length of the ring, %,e,y 2 pw can be approximately sabstituted. 
The resistance opposed to this magnetizing force is directly 
proportional to the length of the bent iron bar, and therefore 
again equal to 2 ir p, and inversely proportional to the section, and 
magnetic conductivity of the iron which may be represented by ir. 
Therefore the magnetic moment of the iron ring in each cross- 
section is 



f.2 



?!f =1. gr.^const. 



2ir p 

which equation is equivalent to the above M = t . ^ . « . const. 

For the solution of the final question^ whether the magnetism 
which is produced in an iron bar or in an open horse-shoe by 
means of a magnetizing force is also inversely proportional to the 
total resistance of the magnetic circuit, I had a horse-shoe 
prepared of bar iron 20™°^ thick and bent twice at right angles. 
The legs of the horse-shoe were 70™™ long and each was wound 
with a coil of 85™™ length, consisting of from 126 to 130 convolu- 
tions of insulated wire 1™™ thick. The straight portion of the 
horse-shoe was provided with an induction coil of 1,160 convolu- 
tions of wire 0*2™™ thick. The horse-shoe could be made into a 
metaUic closed circuit, by means of a square piece of iron of the 
same cross section as, itself. The legs of the magnet protruded 
20™™ beyond the coils. 

The experiments were made in such a manner that the direction 
of the current passing through the magnetizing coils could be 
reversed instantaneously by means of a suitable commutator. 
The strength of the current before each reversal was measured by 
determining the difference of potential between the terminals of 
the magnetizing coil by means of a torsion galvanometer with 
very numerous coils of thin wire. By the insertion of resist- 
ances or by the application of a shunt the desired strength of 
current could always be obtained. The current arising in the 
induction coil on the reversal of the current was led through the 
convolutions of a nearly dead-beat mirror galvanometer. The 
deflection then measured double the magnetic moment excited in 
the magoet by means of the working current. By taking the 
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precaation of revensing the direction of the cnrrent several times 
after each alteration in its strength, before the measnrement was 
made, concordant results were always obtained even with the 
greatest difference of current. 



TABLE I. 





1. 


2. 




8. 


4. 






Leg 00- 


••High. 




Leg 70- 


-High. 






QoMdbv 
Armature Plate. 


Open. 


Cloaedbv 
Armature Plate. 


Open. 




Increase 


Increase 


Increase 


Increase 


Amperes. 


peryfeAmp. 


per yj5 Amp. 


per Tfo Amp. 


per, 


-^ Amp. 


0-01 


800 800 


li)5 


195 


1095 1095 


140 


140 


03 


8150 1175 


650 


227 


4800 1852 


430 


145 


0-05 


6250 1550 


1125 


237 


10500 2850 


750 


160 


0-07 


10500 2125 


1640 


257 


20500 5000 


1100 


176 


i 0-09 


15500 2500 


2165 


262 


33000 6200 


1410 


155 


1 01 


18850 2850 


2400 


235 


36200 3200 


1570 


160 


0-15 


37000 3780 


3700 


260 




2390 


164 


0*2 




4830 


226 




3100 


142 


0-25 




6000 


234 




3900 


160 


0-3 




7100 


220 




4700 


160 


0-4 




9600 


250 




6200 


150 


0-5 




12250 


265 




7900 


170 



The above Table gives in the first column the measured 
strength of current, in the first column of each succeeding series 
the corresponding deflections, in the second the increase of the 
magnetic moment calculated from it for an increase of the 
strength of the current by O'Ol Ampere, both with closed and 
open magnetic circuit. The result is that in the closed horse- . 
shoe the magnetism increases at first in a quicker ratio than the 
strength of the cuiTent with weak currents (0*05 Amp.). The 
magnetism in the open magnet is about ^th of that excited in the 
closed magnet by equal magnetizing forces ; with double strength 
of current (0*1 Ampere) about ^th. The increase of magnetism 
on the other hand is nearly constant with the open magnet, t.6., the 
magnetism was nearly proportional to the strength of the currcut 
up to the limit which could be attained without heating the coils 
too much. 

I then had 20°^°^ of the projecting poles of the electromagnet cut 
off and repeated the above experiments. As follows from the 
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third and foarth colamns of the above table the magnetism of the 
closed magnet increases considerably throagh this shortening, 
whilst the magnetism of the open magnet diminishes in a yet 
higher degree, so that now with 005 Ampere the above proportion 
is reduced to -^^y with 0*1' Ampere to about -^. This dis- 
proportionately great reduction is evidently to be ascribed to the 
oircnmstanccy that not only was the inductive resistance of the 
surronnding space increased by the shortening, but the mag- 
netizing force was also diminished, as the coils had exerted a 
magnetizing effect also on the pieces cut off. I then sought (by 
screwing on to the poles lengthening pieces of equal diameter and 
IQmm height), to determine the length bf leg with which the 
magnetism of the open magnets doubled with constant current. 
This proportion was exceeded according to the following table, 
when 5 pieces were added, and therefore with an increase of some- 



TABLE II. 
Current O'l Amp. 





Magnetism. 


Increase. 


Without addition . 


1950 


•  • 


1. Piece on each side . . . 


2430 


480 


9 1 

^. tf If ft • ' • 


2895 


465 


O. f, )) }> • • • 


3380 


435 


*• »> f> If • • 


3750 


4*40 


0. ,y ff >f* •• 


4125 


375 



what over a half of the original magnet length. We see from 
the increase of magnetism which takes place with each lengthening 
of the magnet leg by lO"'", that a somewhat considerable reduc- 
tion of this increase takes place with the number of pieces added. 
This is also partly due to the stronger direct action of the coils on 
the added pieces lying nearer the coils, by which also is explained 
the too quick doubling of the magnetism with the increased 
length of the leg. But any way these experiments make it 
highly probable that the magnetism produced in a closed electro- 
magnet by a magnetizing force is a function of its surface. Finally 
it has also been proved by these means that the strengthening of 
the magnetism by the application of thin iron tubes was as gi-eat 
as when solid iron cylinders of the same diameter and height were 
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employed. The closing of the tubes with an iron cover made no 
appreciable difference if no increase in the length of the tube was 
thereby broaght about. 

To determine the resistance opposed to the production of 
magnetism in the iron by the non-magnetic surrounding space it 
was necessary to compare the magnetic resistance of an air-filled 
or vacuous space with that of iron. This ratio cannot be constant^ 
for the specific magnetic resistance of iron varies with the strength 
of its magnetization. 

As is known, and as may also be seen from the above experi- 
ments, the magnetism in a closed electromagnet increases at first 
more rapidly than the strength of the current. The increase of 
magnetism then soon attains a maximum, and with a further 
increase in the strength of the current sinks down slowly to a 

TABLE III. 



r^  










1 ^ 










strength 
Cuirent 


j 




1 
1 


• 

S A 


strength 
Current 


• 

§ 
1 


8. to 

a -1 


i 

1 


s ^ 


o-ooi 


3-2 


3-2 


3-6 


3-5 


0-100 


1810 


65 


430 


5-0 


0-002 


7 


3-25 


7-2 


8-7 


0-15 


4520 


54 


760 


6-6 


0-004 


15 


4 


15 


3-4 


0-2 


6880 


47-2 


1120 


7-2 


0-008 


36 


5-2 


29 


3-5 


0-25 


8640 


35-2 


1640 


10-4 


0-01 


46 


5 


35 


3 


0-3 


9900 


25-2 


2500 


17-2 


0-02 


114 


6-8 


72 


3-7 


0-4 


11500 


16 


4950 


24-5 


0-08 


196 


8-1 


112 


4 


0-5 


12400 


9 


7000 


30-5 


0-04 


300 


10-5 


155 


4-3 


0-6 


13150 


7-5 


8750 


17-5 


0-05 


410 


11 


195 


4-0 


0-7 


13750 


6 


10000 


12-5 


0-06 


550 


14 


245 


6-0 


0-8 


14250 


5 


11000 


10-0 


0-07 


710 


16 


290 


4-5 


0-9 


14600 


8-5 


11900 


9-0 


0-08 


895 


18-5 


340 


5 


1-00 


15000 


4 


1255C 


6-5 


0-085 


1015 


24 


360 


4-0 


1-1 


15250 


2-5 


13150 


6-0 


0-090 


1160 


29 


380 


4-0 


1-2 


15500 


2-5 


13600 


4-5 


0-095 


• • • 


... 


405 


5-0 


1-5 


16150 


21 


15000 


4-6 



very slight amount. In this behaviour of magnetic bodies the 
initial increasing action of the magnetizing force to a maximum is 
very remarkable. The position of this maximum depends on the 
quality of the iron. The maximum, with equal increase of the 
magnetizing force, occurs earlier with soft iron than with hard. 
It is therefore not unlikely that this initial weaker action of the 
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magn^tiziog force is generally only a oonsequenoe of the nnasnal 
softness of the iron. To examine into this more closely, I had 
two similar rings prepared, one of the very softest iron rod and 
the other of soft steel. They were of 60"^"* external and 85*" 
internal diameter and each was similarly woond with two coils, 
the lower of 850 convolutions of wire 0'2™"* thick, the upper of 
190 convolutions of wire 0*75"" thick. The second coil served as 
a magnetizing, the first as an induction coil. The first column of 
Table III. gives the measured strengths of current, the second 
the corresponding magnetic moment of the iron ring measured by 
the deflection of the mirror galvanometer, the third the calculated 
increase in the magnetism with an increase in the strength of the 
current of 0*001 Ampere. The fourth and fifth columns give the 
same value for the steel ring. It follows from these experiments 
that with the iron ring the maximum of the increase of magnetism 
had already been obtained with 0*1 Ampere, whilst with the soft 
steel ring it only took place at 0*5 Ampere, and further that this 
last maximum was only about one half of the maximum of increase 
with the iron ring. As the direction of the current was reversed 
with each measurement, the residual magnetism could exert no 
direct influence on the result of the measurement, but probably 
the internal friction, which opposes the rotation of the hypo- 
thetical currents, must bring about a reduction of the mag- 
netization which would be less with the ring of sofli steel than 
with the iron one. According to this it appears at all events 
probable that with absolutely soft iron the maximum action would 
take place even with the weakest currents. We may therefore 
consider this anomaly which occurs in the magnetization of iron 
as a consequence of the frictional resistance which opposes the 
rotation of Ampere's current whirls ; this resistance must be so 
much the more perceptible, the smaller the angles of rotation, for 
the work of friction must be proportional to the angle of rotation 
itself, and not to the magnetic moment excited by the rotation. 

The following Table lY. gives the results obtained, when in 
place of a closed ring a straight iron bar of equal thickness and 
length was magnetized with the current increasing in strength. 
The iron bar was provided in the middle with an induction coil, 
and was pushed with this into the middle of a magnetizing coil of 
nearly double the length. 
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TABLE IV. 



Cnrrent. 


Deflection. 


Incteaie 
per 


Strength of 
Currant. 


Deflection. 


Incieaae. 

per 
xAjAmp. 


0-001 


12 


12 


0-08 


1160 


16 


0002 


22 


10 


0-09 


1320 


16 


0-004 


44 


11 


0*10 


1480 


16 


0-008 


88 


11 


0-20 


2900 


14-2 


0-01 


109 


10*5 


0-30 


4600 


17 


0-02 


238 


12-4 


0-40 


6240 


16-4 


0*08 


365 


13-2 


0-50 


8000 


17-6 


0*04 


524 


15-9 


0-60 


9720 


17*2 


0*05 


688 


16-4 


0*70 


11560 


18-4 


0*06 


844 


16*6 


0*80 


13200 


16-4 


0-07 


1000 


16*6 


1-00 


16800 


18 



The direct action of the coils on one another is allowed for in 
the deflections of the mirror galvanometer. The increase of mag- 
netism calculated for 0*001 Ampere shows here also a slight increase 
with increasing strength of cnrrent. The maximum of increase 
conld not be reached without unduly heating the magnetizing coil. 

If the assumption be correct, that non-magnetic material is 
filled with pre-existing molecular current whirls in the same way 
as magnetic, then it must be assumed that with it as with magnetic 
material a maximum of magnetism exists. An approach to a 
magnetic maximum must then be observable with very great 
magnetic moments of a magnetic field just as with iron. To test 
this I placed two square pieces of iron on the poles of the horse- 
shoe magnet described, which could be made to approach within a 
slight distance of one another. The parallel opposed surfaces 
were reduced to a square centimetre. The increase in the magnetic 
moment of the magnetic circuit was now measured for increasing 
strength of current. The results are collected in the following 
Table. 

The pole pieces were successively removed 0*1, 1 and 3'6"°* 
from one auother. The current strengths were increased to the 
highest permissible value, that is up to 6 Amperes. As seen from 
column 1, with a short-circuited magnet the maximum increase of 
magnetism was already reached with 0*2 Ampere. It is remark- 
able that when the pole pieces were applied and approached to one 
another, the turning point for each distance apart took place at 
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TABLE V. 



Inten- 

•ity of 

Current. 


Horse Shoe 

cloeed by Iron 

PUte. 


1 

Pole Pieces supplied with Prism shnped Pieces. 
Distance of latter. 


Deflec- 
tion. 


Increase 
Amp. 


Deflec- 
tion. 


01— • 
Increase 

I^Tis 
Amp. 


Deflec- 
tion. 


Increase 
Amp. 


Deflec- 
tion. 


S-5 — 
Increase 

Amp. 


1 


2 


8 


4 


0-11 
0-21 
0-63 
0-85 
1-06 
2-12 
3-18 
4-24 
5-30 
6-36 


219 
720 
1708 
2124 
2292 
2640 
2760 
2840 
2870 
2930 


19-9 

50-1 

30-9 

13-0 

8 

3-3 

1-1 

0-7 

0-5 

0-4 


80 
193 
620 
1020 
1276 
2028 
2400 
2620 
2728 
2800 


72 

11-3 

13-3 

12-5 

12-2 

7-1 

3-5 

2-1 

1-0 

0-7 


49 

107 

813 

524 

680 

1844 

1908 

2340 

2576 

2700 


4-4 
5-8 
6-4 
6-6 
7-4 
6-3 
6-3 
4-1 
2-2 
1-2 


87 

78 

217 

362 

460 

942 

1380 

1820 

2172 

2440 


3-4 
4 1 
4-3 
4-5 
4-7 
4-6 
4-1 
4-2 
8-8 
2-5 



the same cnrrent strength of about 1 Ampere. The increases 
themselves coald not be in proportion to the distances apart of the 
parallel iron faces, as the side faces of the additional pieces must 
take all the more part in the magnetic taming action, the farther 
the parallel faces were separated from one another, and conse- 
quently the greater the magnetic resistance existing between them. 
That a maximam increase takes place at all distances apart, and 
that with increasing strength of current this uniformly diminishes 
to a. small amount, is a consequence of the great moment of the 
electromagnet itselt^ which owing to the small magnetic resistance 
of the whole circuit with strong currents soon reaches its maximum 
magnetization. 

The experiments appear to indicate, it is true, an increase in the 
inductive resistance of non-magnetic material with very high 
magnetic moments, but they are not decisive. For such experi- 
ments electromagnets must be employed of slight length and of 
cross-section so large that the inductive resistance of the iron may 
always be very small in comparison with that of the surrounding 
medium. 

But the experiments show that a maximum of magnetization 
cannot occur earlier with atmospheric air than with iron. It 
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hence follows that the Btrengbh of a magnetic field is only limited 
by the maximum magnetism of the iron, and that the magnetic 
conductivity of the non-magnetic material has to be considered as 
constant. As this value is very variable for iron, and as no law 
has been found for its dependence on the existing magnetic 
moment of the mass of iron, a comparison of their magnetic con- 
ductivity is in general out of the question. But as in the construc- 
tion of magnetic machines it is almost always that magnetic 
condition of the iron for which the increase of magnetism with 
increasing magnetizing force is a maximum, which is of special 
importance, this condition can be made use of as the basis of 
comparison. 

To ascertain this proportion I had two square iron plates made 
4mni thick and 80""* square, which could be screwed sideways to 
the square-shaped movable pieces added to the poles of the 
previously described horse-shoe magnet. At a distance of 5"*™ 
j'rom one another, with a current strength of 0*1 Ampere, the plates 
gave the same magnetic iDcrea8e,as an iron plate of 1 sq.mm. section, 
which, on screwing off the plates, connected the pole pieces which 
were 5"^ distance apart. The iron preponderated with weaker 
magnetizing forces, the plates with stronger. This gives the 
magnetic conductivity of iron in its condition of greatest per- 
meability as 480 to 500, when that of air is taken at 1. The 
experiment was repeated with the plates at greater distances apart, 
with iron wire, sheet iron and square iron rods, and the same 
numerical ratio was obtained. 

The question yet remained, whether this inductive resistance 
of air of about 500 times that of iron is not to be ascribed partly 
to the influence of the magnetic oxygen existing in the air. To 
investigate this I had two round iron plates of 8°*™ diameter con- 
nected together by means of a soldered brass ring. It was possible 
to fill the space between the iron plates placed at a distance of 5™"^ 
apart with any desired gas, or to exhaust it by means of tubes 
which could be closed by cocks, fitted into two openings in the 
brass ring. The iron plates so connected were then fastened to the 
extending pieces of the polar extremities of the electromagnets, 
and the magnetic moment of the magnetic circuit measured with 
different strengths of current. Not the least difference could be 
observed whether the space between the plates was filled with 
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atmospheric air, oxygen or hydrogen, or whether it was exhausted 
as far as possible by means of a mercury pump. 

It hence follows that the magnetic property of oxygen and 
the influence in general of matter other than iron and other so- 
called magnetic metals on the magnetization only becomes of 
influence ifvith veiy great magnetic moments, such as those wiUi 
which diamagnetic phenomena appear, and that for non-magnetic 
bodies only relations of space need be taken into account in 
magnetic phenomena. Whether this will not lead us to replace 
Amp^re^s molecular current whirls in accordance with Father 
Secchi's and Edlund's views by ssther vortices which fill all space, 
and which are only present in magnetic bodies in much greater 
number or strength, may here remain undiscussed. It would 
anyhow explain the remarkable facts, that magnetic induction and 
attraction occur in a vacuum just as in non-magnetic material. 

It follows from the following experiment that space filled with 
non-magnetic material as well as a vacuum is affected by electric 
currents qualitatively just as iron in its condition of greatest 
permeability, only 500 times less so. 

I had 2 coils 87"^™ inside diameter and 100"" long, made with 
convolutions of insulated wire 1"" thick, and placed them with their 
axes parallelat a distance of 181"" apart. The two extremities of 
these solenoids lying near to one another were respectively pro- 
vided with an iron plate on which was wound between the solenoids 
an induction coil. The iron plates were firmly clamped to the 
coUs by thin brass bolts passing through their axes. The two 
solenoids and the two iron plates thus formed a closed horseshoe 
magnet, whose magnetic moment was to be measured by the indue-, 
tion coils on the iron plates. The results are tabulated in the 
following table. It is evident from the table that all the pheno- 
mena are just the same as though the iron plates had been 
connected together by iron cylinders instead of brass bolts. When 
I replaced the latter by iron cylinders 4"" thick, which were there- 
fore about shs^ ^^^ ^^^^ section of the solenoids* with a current 
strength of 0*20 Ampere, the magnetic moment was in feet nearly 
double as strong as before, as the sixth column of the table shows, 

* If the diameter of the effective air cylinder is measured to the middle of 

the convolutions, then the sections are as H^ = -— -. 

air 560 
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TABLE 71. 
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55 


55 


65 


65 


1-18 


0-05 


a • t * •  


270 55 


295 


61 


880 


79 


1-27 


0-10 


52 5*2 


580 62 


640 


68 


1000 


124 


1-56 


0-15 


 • •  • • 


900 64 


1020 


76 


1920 


184 


1-88 


0*20 


• • » • • • 


1236 67 


li?92 


74 


2864 


189 


2-06 


0*80 


• • • • • • 


1928 78 


2160 


77 


4480 


162 


2-07 


0-40 


•  a  • • 


2616 69 


2960 


80 


5850 


137 


1-97 


; 0-50 


258 5-2 


8860 76 


8800 


84 


7200 


135 


1-89 


0-75 


• • • • • 


5250 77 


6075 


91 


10250 


122 


1-68 


1-00 


•  • • • • 


7240 78 


8400 


93 


12880 


105 


1-53 



which gives the quotients of the deflections with and without iron 
cylinders. That with very weak currents the quotients were not 
very different from 1, then increased rapidly to double this 
value, and then slowly diminished, is to be ascribed to the pro- 
perty of the iron connection of this air magnet, and the iron 
cylinder of opposing a greater resistance to magnetization both 
with very weak and very strong magnetic moments. 

The following observation will serve as a direct proof of the 
correctness of the assumption that in an iron bar around which 
electric currents circulate, only as much magnetism is excited as is 
bound by the sum of the magnetic moments of the air or space 
in contact with its surface. 

If an iron cylinder of radius r, regarded as infinitely long, is 
surrounded somewhere sufficiently far from its ends by a coil of 
wire, and if y represents the magnetic moment which a current 
passing through this coil gives to the unit cross section at a given 
distance x from the middle of the coil, then the magnetic moment of 
this cross section is H. n- . ^. This magnetic moment must become 
smaller as x increases, and if the theory set up is correct, by just as 
much as is bound by the moment of the film of air in contact with 
the surface of the lengthening piece d x. 

There hence arises the differential equation — 



1 y' 2 

- log ^= - X 

y r 



X 

x~e 
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if c represents the interval for which integration is to be performed, 

or 

1 V 2 
1/ r 

and for equal displaoement, with rods of different diameter 2 r 
and 2 p : 

log€^: log€?= p : r. 

These equations prove firstly that for the same iron cylinder the 
quotient of the magnetic moments of two cross sections equally 
distant from each other is constant over the whole half cylinder, 
that therefore also equal displacements of a test-coil must always 
result in equal per-centage reductions of the magnetic moment. 
They show farther that with rods of different thickness and for 
equal displacements of the test coil the logarithms of the quotients 
of the moments vary inversely as the diameter of the rods. 

However, in setting up the differential equation the assumption 
is made that the moment of the layer of air touching the surface of 
the rod depends only on the moment of the unit section of the nA 
at the respective place. That is to say that the inductive resist- 
ance of all the external magnetic circuits was the same. But in 
fact the inductive action takes place between each element of the 
surface of one half of the rod, and all oppositely magnetic points of 
the other half. It is therefore also dependent on the distance from 
the middle of the rod. This source of error will have all the more 
influence the nearer the displacement through the length c is to 
the middle of the rod. 

The above experiments confirm the assumption that there is no 
free but only confined magnetism, and that a magnetic force can 
only produce as much magnetism in magnetic bodies as is con- 
fined in them and in the surrounding medium by magnetic induc- 
tion in the form of closed attraction curves with equal magnetic 
moment in each cross section. 

This representation is quite analogous to that of electric molecular 
induction, and hence the laws which hold good for this may be 
applied to magnetic induction, and with the help of the ascertained 
coefficient 480, which expresses the ratio of the magnetic resistance 
of air to that of iron, the influence of the mass and form of the 
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rPABLE VII. 
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V 


 


y 




y 




y 




90 


4268 


032 


4054 


0-057 


290 


0-112 


100 


3960 


0-037 


3558 


0-052 


222 


0-116 


110 


3640 


0-035 


3160 


0-052 


168 


0-121 


120 


3360 


0-035 


2800 


059 


130 


0-111 


130 


3100 


0-038 


2440 


0-053 


100 


0-114 


140 


2840 


0-032 


2160 


0-056 


80 


0-097 


150 


2640 


0-038 


1900 


0-048 


60 


0-125 


160 


2420 


0-037 


1700 


0-058 


• • • 




170 


2220 


0-028 


1488 


052 


• • • 




180 


2080 


039 


1320 


0-056 


ft • « 




190 


1900 


0-038 


1160 


0-058 


•  • 




200 


1760 


0-040 


1016 


0-060 


 • • 




210 


1605 


0-040 


884 


0-059 


• • • 




220 


1465 


0-032 


772 


0-052 


• • • 




230 


1360 


0-033 


684 


0-051 


• •  




240 


1260 


0-036 


608 


0-061 


   




Average 


 • 


0-035 


• • • 


0-055 


« a • 


0-114 


Average : 
nesa of i 


X thick- \ 
■od . . j 


0-105 


• •  


0-110 


• • • 


0-114 



iron on the stiength of a magnetic field to be employed can be 
determined. 

If an iron bar on the centre of which a magnetizing force acts 
may not be considered as of infinite lengthy the formula calcnlated 
for the bar of infinite length — 

log^^^a;, 
y r 

is not directly applicable on acconnt of the magnetism of the end 
sorfaces. 

The distribution of the magnetism is quite different in a bar of 
limited length, if the magnetizing force is allowed to act equally on 
all parts of the bar. The decrease in the magnetic moment from 
the middle of the bar to the ends then loses its logarithmic charac- 
ter, and assumes, as Van Rees has already pointed out, the form of 
the catenary or approximately that of a parabola. With a rod 
160™"* long and 7'7"*"* in diameter, which was movable in a closely 
surrounding glass tube of nearly double its length wound round 
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sj^metrically with a magnetizing coil, the magnetic moment of 
each cross section could be measored by means of an induction coil 
wound over the middle of the glass tube, when the direction of the 
magnetizing current was reversed. 

In the following table the magnetic moments are given for the 
same rod at distances of 20 to 70^°^ from the centre, when the 
magnetization took place uniformly and from the centre. The 
current strengths were so chosen that the magnetism at the ends 
of the rod was nearly the same in both cases. 



Distance x of the 

Secondary Coil 

from the Centre 

of the Rod. 


Deflection y 
with uniform 
Magnetization. 

mm 


Deflection with 

Magnetization 

from the Centre. 

■■1 


20 
30 
40 
50 
60 
70 


287 
263 
238 
195 
145 
87 


463 
378 
802 
229 
160 
92 



Calculated from the equation of the parabola 

y 

the deflections of the second coil give for uniform magnetization 
of the rod, the values 

2 ;?- 23. 22. 22 .23.28 . 22. 
If the quotients ^ are calculated according to the formula 

y, 

y r 

from the values of the third column, for a constant displacement of 
the induction coil by 10™, the values 1-25, 1-25, 1-82, 1-4, 1-4, are 
obtained. The ratio of the magnetic moments of points of the 
rod equidistant from each other is therefore not constant, as with 
rods of unlimited length, but increases as we approach the end of 
the rod, as was to be expected. 
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Yan Sees has found that in a homogeneons priBm-shaped mag- 
net, the magnetic moments of the sections diminish parabolicallj 
as with a uniformly magnetized iron bar. But this would only be 
the case with magnets to which in magnetizing an equal moment 
was given over the whole length of the bar. With a cessation of 
the magnetizing force all the molecular magnets have the .same 
tendency to return to the non-magnetic condition, whence finally 
the same position of magnetic equilibrium must result as exists 
with uniformly magnetized iron rods. 

Finally I should like to add a few remarks on a previous com- 
munication delivered by me in this place. 

I then proposed the theory that the molecular magnets assumed 
in the Ampere- Weber theory must each consist of two elementary 
magnets or solenoids near one another, capable of free rotation 
together in every direction without resistance, but directed by 
external magnetizing forces and turned round one another in the 
same way as would be the case with pairs of astatic needles moving 
freely except as regards the distance of the pivots from one another. 
I did not then know that Stephan had already expressed the same 
view, accompanied by important mathematical considerations. 
According to my views explained above, Ampere's theory must be 
extended as already mentioned, by supposing all space to be full of 
paired molecular solenoids, or aether whirls, if one adopts Edlund's 
views that the electric current is aether in motion through space, 
and that these are found in greater number in magnetic than in 
non-magnetic matter. As now a magnetizing force acting upon 
the molecular magnets only exerts a perceptible influence on the 
separate rotation of the paired elementary magnets when all the 
neighbouring ones in the magnetic circle follow the motion and so 
can make a closed system of equilibrium subject to mutual attrac- 
tion, it follows that the rotation directly produced by the 
magnetizing force must be very small compared with the mutual 
strengthening of the rotation in the closed magnetic circuit. The 
magnetic moment generated must therefore be essentially the 
product of the mutual strengthening of the rotation which the 
magnetizing force induces. But here we meet with the difficulty 
that the rotation becomes nil, with the absence of coercive force 
after the cessation of the magnetizing force. Such a condition 
of equilibrium can only be imagined as produced through a 

VOL. I. E E 
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simoltaneons action of attracting and repelling forces. There mast 
then be produced by the mutual action of all neighbouring attract- 
ing and repelling molecular forces a nearly but not quite unstable 
equilibrium of the elementary magnets if the assumptions of 
Ampere's theory are to correspond to facts. I do not venture to 
assert that a combination of molecular forces fulfilling this neces- 
sary claim can be shown to be possible. 



ON A CONTRIVANCE FOE EEPRODUCING THE UNIT 
OF LIGHT PROPOSED BY THE PARIS CONFER- 
ENCE FOR THE DETERMINATION OF ELECTRIC 
UNITS.* 

The international conference for the determination of electrical 
units which met lately in Paris, has determined amongst other 
units to employ as unit of light the quantity of light which is 
radiated from a surface of a square centimetre of melted platinum 
when just solidifying. If this unit is to have a practical ap- 
plication it is necessary to find out a simple and easily available 
contrivance for making comparative measurements with it at 
any desired place. This problem was apparently made much more 
difficult by the circumstance that platinum on fusing readily takes 
up carbon, silicon, and other materials by which its temperature 
of fusion is considerably lowered. 

The little apparatus which I now bring before the Academy 
does not correspond exactly to the definition of the unit of light, 
as fixed at Paris, as it furnishes the quantity of light given by 
melting and not that given by solidifying platinum. It is however 
probable that with chemically pure platinum this difference is very 
small. The contrivance is based on melting a very thin sheet of 
platinum by the galvanic current. The platinum foil is enclosed 
in a metal case which permits the light of the glowing sheet to 
pass out only by a slot of 0*1 square centimetre section which is 

* Poggeiidorff^s Annalen d. Phy. u. Chem., 1884, Vol. XXII. 
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nearly opposite to it. The walls of the slot are conical and the 
platinum sheet overlaps it on all sides. At the moment of melting 
the platinum sheet there passes from the slot a quantity of light 
of 0*1 of the unit of light. 

By slowly increasing the strength of the current it can be 
arranged that the melting of the plate takes place only at the 
moment when the light is exactly balanced by that of the source 
of light to be measured. According to preliminary measurements 
the quantity of light which passes out from the apparatus at the 
moment of melting is nearly equal to 1*5 of an English standard 
candle. 



ON THE UNITS OF ELECTRICITY AND LIGHT 
ACCOEDING TO THE RESOLUTIONS OP THE 
PARIS INTERNATIONAL CONFERENCE.* 

Dr. Neesen and Yon Helmholbz have in due course fully 
reported to the Society the resolutions of the international electrical 
congress which was held in Paris in 1881. As is known, a con- 
ference of delegates from different States was held in Paris in the 
year 1882, on the basis of the resolutions of the congress, for the 
definite settlement of the units. As this conference was convinced 
that the experts had not yet obtained sufficiently accordant results 
to be able to fix numerical values for the units, they adjourned 
giving a final decision until an agreement in the determinations 
of the ratio of the ohm to the mercury unit had been obtained to 
within To^OTT*'^' ^^ *^® course of this month a second conference 
of delegates has taken place in Paris, which has brought the 
work to a provisional termination. As Mr. von Helmholtz, who 
unfortunately can only appear later, intends to give us a com- 
munication on the labours of both conferences, I confine myself to 
a few considerations on the final decisions of the last conference, 
and combine with it a proposal for practically carrying out the 
definition of the unit of light proposed by the conference. 

* Address at the meeting of the Electro-technical^Society of the 27th May, 
1884. 
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Ab the new determinations of the ohm made by different 
obfiervers had not agreed to within t^Vo^^ ^^ i^ value, aa con- 
sidered neoefisary by the former conference, the conference reaolved 
to fix its value in the meantime at 1'06 of the mercury unit, 
leaving it to subsequent more exact researches to add further 
decimals as soon as they are acknowledged to be absolutely 
established. Until the international recognition of such a more 
exact determiuation, I'OG of a mercury unib is the legal unit of 
resistance, the "legal ohm." In the same way as regards the 
unit of resistance, the congress, and following it the final con- 
ference, has given special names to the units of electric potential, 
current strength, quantity of electricity, electrostatic capacity, 
viz., Volt, Ampere, Coulomb, Farad. Unfortunately we Germans 
miss among these names of celebrated electricians that of the 
author of the absolute system of measurement itself, our Wilhelm 
Weber. It was indeed really an adverse concatenation of cir- 
cumstances which brought this about. Speaking strictly, these 
denominations are moreover only of importance during the period 
of transition, whilst there is a fear without further definition of 
confounding these with other units hitherto employed. If the 
C. G. S. system is once legally established and everywhere, in 
practice a special nomenclature for the units is quite superfluous. 
The simple numerical data will then be sufiicient, for it is self- 
evident that strength of current cannot for instance be measured 
with units of resistance or capacity. Only when it is desired to 
make use of a anit unsymmetrical with the adopted C. G. S. 
system, it must be specially denoted. If, for instance, the mercury 
unit is used, the sign Hg should be put after the numbers represent- 
ing the measured resistance, in order to show thereby that the 
mercury and not the legal unit is meant. 

Although the final conference has declared its work completed, 
after it has fixed the value of the legal unit of resistance in 
mercury units, and haa given an exact definition of the remaining 
electrical units and of the unit of light, the subject is still far 
from being complete. The standardizing of these difierent units 
and the discovery of practical methods for their reproduction 
still demand considerable and in a degree very difficult scientific 
work. It is to be hoped that this important work will be very 
zealously prosecuted, so that the science and practice of electricity 
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may soon derive benefit from a qratem of measarement vhich hu 
beeo carefnllj prepared and is ooarenient in application. 



The. conference has adopted as the nnit of white light that 
quantity of light whidi is radiated from a sqaare centimetre of 



pare melted platinnm at the temperature of solidification ; as the 
nnit of coloured light the quantity of similarly coloured light 
vbich is contained in this white light. This definition of the 
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unit of light caused great hesitation in the circle of the conference 
itself. It was objected that the light radiating from melting 
platinum could not be considered white in comparison with sun 
light and electric light ; that up till now there was no certain 
method of absolutely producing the unit of coloured light as 
defined from the quantity of white light taken as unit, in a manner 
suitable for measurement ; that the means of melting platinum 
without contaminating it with carbon, silicon, or other bodies^ 
were very imperfect and difficult to carry out in practice ; and 
that finally it was difficult to carry out exact photometric 
measurements with a melted platinum mass. On these grounds I 
proposed at the conference to employ provisionally as a practically 
applicable unit of light the small standard lamp which von Hefner 
Alteneck constructed and has brought before the meeting of the 
Society. If this lamp has still many defects, amongst which I 
may mention that it gives a somewhat coloured light, and like all 
fiame lights is exposed to many disturbances and requires many 
corrections, yet it gives very certain results in comparison with 
the standards of light hitherto employed, is very convenient in 
use, and like the mercury unit could serve as a point of departure 
and interim unit until the problem of a rational unit of light has 
been solved. On the English side it was proposed to employ as 
unit the quantity of light radiated from a carbon filament (Swan 
lamp) by a determined quantity of electrical work. None of 
these proposals however met with the approval of the conference, 
for von Hefner's lamp was opposed for the reasons stated, and the 
electrical glow-lamp on account of the dependence of the quantity of 
light emitted by it for equal temperature of the filament on the mole- 
cular condition of the surface of the carbon filament. The platinum 
unit was therefore finally considered by the conference as relatively 
most to be depended on, and adopted as the legal unit of light. 

I have now set about producing this unit in a more convenient 
form than was done by Monsieur Violle, who proposed it. I have 
succeeded in effecting this in an exceedingly simple way. Certainly 
the little lamp which I will show you directly does not correspond 
precisely to the definition given by the conference, for the light is 
emitted, not from molten platinum at the moment of solidification 
but from platinum at the moment of fusion. It is still unknown 
whether there is any considerable difierence between the tern- 
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peratnres of the fusion and solidification of pore platinum. If 
such a diflTerence really exists the results given by my lamp must be 
corrected by a coefficient to be ascertained in order to give the 
legal unit of light. The lamp depends on the fusion of a very 
thin sheet of platinum 5 or 6* millimetres wide by an electric 
current passing through it. The platinum sheet is enclosed in a 
small metal case^ in one of the thin walls of which there is a small 
opening conical towards the inside, the least section of which is 
almost exactly 0*1 of a square centimetre. Directly behind this 
slot is the platinum sheet which completely covers the edges of the 
former. If this sheet of platinum is brought to incandescence by 
the insertion of a few galvanic cells, the quantity of light emitted 
from the slot is exactly as great as if the seat of the emission was 
in the plane of the opening. If the battery is provided with an 
arrangement which permits of the strength of the current being 
veiy slowly increased, there is time to maintain the photometer 
continually in the position of equilibrium until the platinum melts 
and darkness suddenly appears. The light issuing from the slot 
the moment just before this takes place is exactly one-tenth of 
the unit adopted by the conference for white light. A small 
cutting tool in the lamp case makes it possible, by a simple back 
and forward motion of a handle, to place in front of the hole anew 
piece of platinum off a roll in place of the melted piece, so that 
the experiment may be repeated without loss of time as often as 
desired. 

The method of melting the platinum here described has the 
advantages over melting it in a lime crucible of incomparably 
greater simplicity and easier handling, besides the essential 
superiority that the platinum sheet can be formed of pure 
platinum, and is not rendered impure by melting. As further the 
platinum sheet may be very thin — about 0*02™"* is thick enough — 
the consumption of platinum is very small. 

The unit of light adopted by the conference is rendered practi- 
cally applicable by means of this apparatus, and is thus in fact the 
most reliable and most rational measure of light which up to the 
present can be brought forward. 

How far this apparatus can be employed with advantage for the 
direct measurement of light will only be shown in practical use. 
Probably electricians will prefer as a rule to employ glow lamps 
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for their meafiurements, which they can determine and control 
from time to time by means of the platinmn unit of light. In the 
same way gas engineers will prefer as a rale to use Yon Hefner's 
normal lamp, which has the advantage that the colour of its light 
is very like that of a gas flame/and that it is subject to the same 
weakening influences. The comparative measurements which 
I have had made with the platinum lamp have yet no numerical 
importance, because as yet no chemically pure platinum could be 
employed in the sheet. They show, however, that the measure- 
ments are very uniform and easy to carry out. They have given 
for a Yon Hefner's normal lamp or a normal candle of 40"^"^ 
height of flame 0*07 of the unit of light adopted by the conference. 
It is probable, however, that the measurements will be somewhat 
smaller when chemically pure platinum is used. 



ON THE CONSERYATION OP ENERGY IN THE 

EARTH'S ATMOSPHERE.* 

In my communication to the Academy '^ On the admissibility 
of the assumption of a solar electrical potential and its importance 
for the explanation of terrestrial phenomena,'' f I sought to refer 
certain still mysterious meteorological phenomena to disturbances 
of the dynamical equilibrium of the atmosphere. Further con- 
sideration of these interesting questions has shown me that a 
consistent application of the fundamental law of the conservation 
of energy in the atmosphere leads to their explanation in a much 
higher degree than I had previously apprehended. 

The interdependence of meteorological phenomena has been 
very closely studied by meteorologists during the last ten years. 
There exist on this subject an almost unwieldy mass of observa- 
tions on which several ingenious theories have been founded. 
These deal, however, mostly with secondary phenomena, and rest 

* From the report of the meeting of the Berlin Academy of Science, XIII., 
Session of 4th March, 1886. 
t Meeting of 31 March, 1888. 
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therefore on a narrow foundation. It wonld appear, indeed, as if 
modem meteorology had somewhat neglected for these special 
studies the investigation of the first causes of the observed 
phenomena. Dove, in his theory of wind and storms, however, 
sought to account for them altogether in the ascending currents 
of air of the torrid zone, which forming a higher ring of air above 
it, must flow towards the poles, and explained the continual 
changes in the direction and strength of the winds by the 
collision of this equatorial current with the masses of air flowing 
back from the polar regions to the equator. Even although no 
proper basis was to be found for this contention in collisions of 
opposed currents of air, and considering the general uniformity of 
the mean pressure of the air of the whole atmosphere, it could not 
be correctly understood why the air should move with such energy 
from the polar regions to the equator so far off in comparison 
with the height of the atmosphere, yet this explanation is more 
satisfactory than the usual almost exclusive reference of the 
phenomena of the motion of the atmosphere of the higher 
latitudes to maxima and minima pressures of the air, of which no 
one could actually say whence they come or whither they go. 
These explanations of the direction and strength of the winds can 
only be said to have a scientific basis if it can be shown where 
the forces are located and have their point of application, which, 
often in a hardly appreciable manner, accumulate such a great 
energy in maxima and minima, and then in turn generate storms 
and cyclones. 

In the following pages it will be attempted to supply these 
deficiencies by the light of the doctrine of the conservation of 
energy. 

There is general agreement to the effect that all life and motion 
on the earth originate in solar radiation. Without a supply of 
heat from the sun the atmosphere would be motionless, or rather 
would follow the earth's rotation without any relative change of 
place or temperature, if the radiation from the stars and the 
proper heat of the earth are neglected. The rotation of the earth 
would give to the atmosphere the form of an ellipsoid of revolu- 
tion if at the temperature of space it continued gaseous and was 
subject to Mariotte's law, but it could never produce a continuous 
circulation of the air as has often been assumed. As the mean 
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temperature and mean motion of the air change in any definite 
time as little as the rotation of the earth itself, a constant quan- 
tity of solar energy must be stored up in the earth's atmosphere 
in the form of sensible and latent heat, of kinetic energy of masses 
of air in motion, or as local accumulations of pressure. Corre- 
spondingly the supply of heat by solar and stellar radiation must 
be equal to the loss of heat by radiation into space. The supply 
of heat takes place partly by direct absorption by the atmosphere 
of rays traversing it, but chiefly by the heating of the earth's 
surface, and is mainly expended in heating the lower strata of air 
and in evaporation of water. The loss of heat by radiation into 
space also takes place chiefly from the solid and fluid surface of 
the earth, and only to a slight degree directly from the mass of 
air. There are here two important points to be noted. Whilst 
the solar radiation considered as emitted from one point falls 
chiefly on the lower latitudes, the radiation directed to all portions 
of space is independent of the geographical latitude and is only 
dependent on the difference of temperature between the radiating 
portions of the earth's surface and that of space. As the stellar 
radiation which apparently warms space, is for all parts of the 
earth's surface as its radiation, it may be neglected, and the 
temperature of space may be taken as the absolute zero. It is 
further to be observed as regards the^ radiation from the earth, 
that the direct loss by radiation of the higher and less dense 
layers of air must be greater than that of the lower layers, since 
radiation into a vacuum is greater than into space filled with air. 
This being premised, the following conditions for the equili- 
brium of the atmosphere may be maintained : 

1. The condition of equilibrium of the motionless atmosphere is 
indifferent, the corresponding curve of temperature is adiabatic ; 
which means that the removal of a mass of air from one level to 
another, setting aside loss by friction, is attended neither with 
gain nor loss of energy. 

2. A disturbance of the indifferent equilibrinm of the atmo- 
sphere, corresponding to a local accumulation of energy, is brought 
about by the masses of air lying nearer the earth's sm^ce getting 
heated above the adiabatic temperature proper to them, as well as 
by the cooling through increased radiation of the higher layers of 
air below that temperature. The heat expended in the evapora- 
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tion of water increases this diBturbance of equilibrium in the 
same direction and proportion, since steam has less specific gravity 
than air, and as the latent heat of the steam condensed by the 
adiabatic cooling of the air when rising is used for heating and 
expanding the air. 

3. The energy accnmulated in the disturbance of the indifferent 
equilibrium of the atmosphere through overheating of the lower 
and overcooling of the upper layers of the air must be equalized by 
up and down flowing air currents. According to Clausius' second 
law of the mechanical theory of heat, the excess of heat of the 
expanding air is transformed for the greater part into the kinetic 
energy of moving air ; to a less degree it is distributed to greater 
and relatively cooler masses of air. The accelerated ascending 
current of air must therefore retain a negative excess of heat up to 
the greatest rarefaction above the adiabatic temperature corre- 
sponding to the altitude. 

4. The kinetic energy accumulated in the accelerated up and 
down going currents of air can only be destroyed by being again 
transformed into heat by internal or external friction or local 
increase of pressure. 

5. The mechanical energy accumulated in the rotation of the 
atmosphere round the earth's axis must be constant, and in the 
relative state of rest correspond to the velocity of rotation of 
that portion of the earth's surface upon which it rests. As, in 
consequence of equatorial and polar currents of air, a continual 
change in the geographical position of the masses of air takes 
place, the velocity of rotation of the whole air must in the lower 
latitudes lag behind the velocity of rotation of the earth's surface, 
and on the contrary gain upon it in the upper latitudes. The 
amount of friction with the earth which reduces these differences 
of velocity, must be as great in the equatorial regions as in the 
polar latitudes, in order that the constancy of the mean velocity 
of rotation of the whole atmosphere may be maintained. The 
velocity lost by friction only affects therefore the local amount of 
the difference of velocity. 

6. On the boundaries of the air currents of different velocities a 
continuous admixture of neighbouring portions of air possessed of 
different velocity takes place. By this process, analogous to fric- 
tion, a diminution of the quicker and increase of the slower 
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flowing currents takes place proportional to the difference of 
velocity. There is thus produced in the boundaries an increase of 
pressure in the quicker and a reduction of pressure in the slower 
currents of air. 

Of these fundamental propositions the two latter only require 
special explanation. 

If we assume the whole atmosphere at relative rest and neglect 
its height as small in comparison with the earth's radius its kinetic 
energy will be 
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where K is the sum of the kinetic energy, q the weight of air 
resting on unit surface, r the period of revolution of the earth in 
seconds, and a the angle of latitude. For the mean velocity of 
the air which corresponds to this value of the kinetic energy we 
have 

— . '— = 879 metres per second. 

This is the velocity corresponding to the 85th degree of latitude. 

If one now assumes the whole atmosphere to be suddenly inti- 
mately mixed so that each particle has assumed the above mean 
velocity, then the air from the equator to the 85th degree of 
latitude must rotate more slowly than the earth's surface, and that 
in the higher latitudes on the contrary more quickly. At the 
equator itself this difference of velocity would be 84 metres in the 
direction of east to west, at the 45th degree 59 metres, and at the 
54th degree 107 metres in the direction from west to east. 
Through friction with the surface of the earth this difference of 
velocity would be gradually reduced if no currents of air occurred 
in the direction from the equator to the poles and viu versd. As 
there always are these currents, however, a condition of equilibrium 
must result by which the i;nixture of the more quickly rotating 
equatorial with the more slowly rotating polar air is so &r brought 
about, that the accelerated friction of the equatorial zone np to the 
85th degree of north and south latitude is equal to the retarding 
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fricbioQ of the rest of the earth's surface. Therefore there most 
be east winds in the whole atmosphere of the equatorial zone, a 
preponderance of west winds in the regions north and south of 
the 85th degree, and the prevalence of west winds must increase 
with the latitude.* 

We must now consider the hypothetical case, that the earth is 
a smooth solid globe with a homogeneous surface, and that the 
hygroscopic state of the atmosphere is vanishingly small. Then 
the indifferent equilibrium and the adiabatic temperature of the 
strata at different altitudes of the atmosphere would only be 
affected by the currents of air caused by the varied heating of the 
air by solar radiation and their cooling by radiation outwards. 
The heating of the air, and especially of the lower strata, is by 
for greatest in the equatorial zone, and diminishes from there 
approximately as the cosine of the latitude. Consequently the 
transformation from sojar energy to the kinetic energy of air in 
motion must be greatest at the equator and diminish on ap- 
proaching the poles. This transformation takes place in the 
ascending currents. If we disregard for a moment the displace- 
ment of the torrid zone due to the changes of seasons the conditions 
exist for a general and continuous up-current of air. In fact there 
is in the lower trade winds a continuous flow to the equator of air 
coming from the regions nearer the poles. This current of air 
must here have a lower velocity of rotation than the surface of 
the earth below it, and must therefore blow from east to west 
for the reason already mentioned of the conservation of the 
mean velocity of rotation of the atmosphere. As the north and 
south components of both the lower trade winds, assumed of equal 

• Unfortunately it is only witliin the last few days that I have received 
Dr. A. Sprang's recently published text-book, from which I liave leai-nt that 
Ferrel from similar observations has speciHed the 35th degree of latitude as 
that above which all the currents of air must have a southerly direction. I 
cannot, however, agree with him that owing to the retarding friction of the 
air on the earth's surface, the position of this ;:one must in general bo 
displaced towards the equator. Friction on the earth's surface can, according 
to my view, only diminish the difference of velocity, particularly of the lower 
equatoriaJly directed currents of aii*, but not the place where this difference 
between the velocity of the earth and air is nil. The author of this very 
remarkable work has evidently attempted throughout to furnish a mechanico- 
physical basis for meteorological phenomena, and has, therefore, frequently 
arrived at similar views to those here given. But it unfortunately has not 
been possible for me to discuss further the differences existing between us in 
some very essential points. 
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strength, neutralize each other^ on approaching the eqnator from 
opposite sides, their kinetic energy increases the upward motion of 
the air. An upward motion of the whole of the air of the torrid 
zone in rising spirals, opposite in direction to the earth^s rotation, 
must therefore take place. Only over the equator itself can a ring 
of air remain which cannot take part in this ascending motion, 
up the northern and southern surfaces of which the spirally 
ascending trade winds slide. By carrying with them the limiting 
layers of the relatively quiescent equatorial masses of air, r^nlarly 
diminishing whirls must be produced which communicate to the 
centre of the mass of air an opposite velocity, and therefore 
similar to that of the earth^s rotation. This is the region of 
calms. The portions of the trade wind lying nearest to the earth's 
surface and therefore most strongly heated, unite above the wedge- 
shaped ring of calms with its narrow edge upwards, and form the 
central portion of the great equatorial upcurrent. The velocity 
with which these masses of air ascend must increase proportion- 
ately to the rarefaction of the air with upflow brought about by 
the reduction in pressure, because equal masses of air must pass 
through each horizontal section in the unit of time ; and the 
kinetic energy thus brought about must drive the upflowing air 
high above the upper limits of the atmosphere, until its weight, 
no longer balanced by the pressure of the surrounding layers of 
air, has destroyed the vertical component of its velocity. Hence, 
there is formed above the middle of the hot zone the equatorial 
ring of air described by Dove, obviously similar to the sun's pro- 
tuberances and flames which must continually flow towards the 
poles. 

This overflowing is produced by the accelerating pressure ot 
the air masses driven by the excess of velocity gained in the 
ascent beyond the pressure equilibrium ; the velocity which is 
thus communicated to the highly rarefied masses of air flowing 
towards the poles, must therefore be equivalent to the maximum 
velocity gained in the ascent. But it can only be the middle 
layers nearest the equator, of the extensive region of the equatorial 
upflow, which can maintain the vertical direction so as to destroy 
the vertical component of their kinetic energy by gravitation. 
This follows at once from the consideration that everywhere in the 
earth's atmosphere the masses of air flowing towards the poles and 
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to the equator mosfc be equal for each latitude unless local differ- 
ences of pressure occur. The paths of the masses of air rising with 
accelerated velocity in the torrid zone must therefore be deflected 
all the sooner to the poles, the greater their distance from the 
equator. If we trace the paths of these different currents of air 
we see that the strata of air lying nearest the earth of the masses 
of air flowing to the equator — which are also most heated by solar 
radiation in the neighbourhood of the equator — flow up in vertical 
paths to the greatest height, and are driven thence with the 
greatest velocity to the poles ; and that the higher strata of the 
trade winds do not reach the greatest heights of the atmosphere, 
and are driven so much sooner in the polar direction from the 
equator the greater their distance from it, and the greater at the 
same time their original height above the surface of the earth. 

The course of the air-currents in the torrid zone will then be : 
the lower trade wind retarded by friction with the earth's surfece 
increases in velocity with its height above the ground ; then we 
have at an unknown height a space between the upper and lower 
trade-winds filled with horizontal cyclones. Above this the 
current directed to the poles prevails up to the greatest atmo- 
spheric heights, and moreover the velocity of this current increases 
in rapid proportion with the height. 

It must here be observed that ascending and descending massas 
of air retain their local velocity of rotation, and that with in- 
creasing latitude the bed of the pole-directed current diminishes, 
whilst that directed to the equator increases. In consequence of 
the inertia of the flowing masses of air a steady increase of 
pressure in the current directed to the poles, and a diminution in 
that directed to the equator, will be brought about. In conse- 
quence of this combined action a general return current increasing 
with the cosine of the latitude of the upper polar current, will 
take place into the lower equatorial current. The partial change 
of the upper into the lower current will be brought about without 
any essential loss of kinetic energy by the horizontal cyclones 
separating the two current districts. If no rotation of the earth 
took place this return flow would go on to the poles without 
disturbance. The loss of kinetic energy by internal friction can 
only be small in the higher strata of the air on account of their 
great dimensions. These would, therefore, flow into the polar 
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regions from all sides with little loss of velocity, cause a block 
there and sink again to the earth's surface, in order to return 
thence as a polar current to the equator. This process would take 
place partly in all latitudes, and the final result would be a system 
of cyclones taking place in meridional planes embracing the whole 
atmosphere, in which tlie kinetic energy gained by the up flow in 
the lower latitudes is again destroyed by friction with the earth's 
surface, and by internal friction communicating the same to the 
higher strata of the air, or is converted into heat. 

This representation of the cmTents is, however, essentially 
altered by the rotation of the earth. 

In consequence of the continual transference of air from lower 
to higher latitudes and conversely, the air must assume a mean 
velocity of rotation so that the kinetic energy accumulated in the 
whole rotation may be maintained. As already shewn, this mean 
velocity of rotation corresponds to that of the 85th degree of 
latitude. Therefore all the air currents of the atmosphere must 
be displaced. Between the 35th degrees of north and sou(h 
latitude both the upper and lower currents must fall behind the 
earth's rotation and thas be directed to the west ; whilst between 
the 35th degrees and the poles an easterly velocity increasing 
quickly with the latitude, getting in advance of the earth's rota- 
tion, must prevail in both currents. The return to the equator of 
the upper current directed to the poles takes place therefore below 
the 85th degree of latitude in a westerly direction as a 
strengthening of the lower trade wind, and the whirling motions 
separating the upper from the lower currents must also assume 
this form of motion. 

The motions of the air beyond the 85th degrees are much more 
complicated, whilst the upper current here wholly directed to the 
poles will quite keep its eastern velocity of 880 metres, as its 
retardation by internal friction in the higher regions of the air 
can only be slight, the return under current will be essentially 
retarded by friction with the earth's sur&ce, and the more so the 
longer its course. This is also so with the meridional velocity, 
which in the higher layers is very slightly, but in the lower is very 
much diminished by friction. 

If now with increasing latitude the upper current bed has 
become so contracted that a block takes place, the resulting local 
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increase of pressure produces at the same time a disturbance in the 
curve of the indifferent equilibrium of the atmosphere. The 
inflowing excess of air must, therefore, first compress the lower 
strata of air so that the curve of equilibrium shall be re-established 
down to the earth's surface. A descending current of air there- 
fore arises, and an increase of pressure on the earth's surface 
dependent on the ratio of the increase of pressure in the higher 
regions of the air to the normal pressure belonging to it, and 
therefore a local maximum of atmospheric pressure. Currents of 
air would flow out from this region of higher pressure in a radial 
direction along the surface of the earth which prevent the in- 
different equilibrium corresponding to the increase of pressure in 
the higher rarefied strata from being completely re-established. 
Such a maximum of pressure may, therefore, continue for a long 
time, and whilst it continually supplies the excess of the inflowing 
equatorial current to the lower return current, may even hinder the 
formation of a regular deflection of the upper current into the 
lower for a length of time. But this must finally occur, and the 
cause of the maximum ceases with the block in the upper layers 
of the air. 

The return branch of the upper equatorial current must be 
conceived to be produced by the current hindered on its way to the 
pole by the block, being still more deflected by it towards the east, 
and so carrying with it by internal friction the deeper air layers 
relatively at rest or flowing in the opposite direction. It will^ 
therefore, approach the surface of the earth in a wide curve with a 
slight fall, until finally uniting with the polar current it enters 
on its return journey to the equator. By this " carrying with it " 
of the deeper layers of air it will produce a rarefaction of the 
limiting strata of air lying under it, and thus one of the previously 
described opposite disturbances of the indiffei*ent equilibrium is 
brought about. Thus an upflow of the deeper currents of air 
must restore the indifferent equilibrium, and a local minimum of 
pressure on the surface of the earth must result. The amount of 
diminution of atmospheric pressure here observed is, as with the 
maximum^ not equal to the actual diminution of pressure brought 
about by the carrying force of the more quickly moving upper 
current of air, but to the ratio of this to the pressure corresponding 
to that height in the carve of indifferent equilibrium. In this 
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way the hitherto myBterioas magnitude of the observed xariations 
of the barometer in the middle and higher latitudes is completely 
explained. 

The local minimum of pressure so produced will on the earth's 
surface draw in air from all sides, which ascends in whirls and is 
finally carried away with the equatorial current. It is here also 
the kinetic energy of the equatorial current which produces and 
maintains tUe minimum, and so sets the air in motion which 
streams along the ground towards the minimum. As the maximum 
of pressure is hence the cause of a partial return of the equatorial 
current, occurring in consequence of the geographical narrowinjr 
of the upper stream bed, and the path which this return current 
describes in the upper regions by gradual sinking marks iteelf by a 
furrow of lower pressure on the earth's surface, maxima and minima 
stand in a causal connection, and are, therefore, produced as a 
rule simultaneously and in geographical proximity. Consequently, 
also, the currents of air brought about by both in the lower strata 
of the air must combine into currents which pass essentially from 
maximum to minimum, but whose direction is altered by the 
earth's rotation in the known manner. This system of local 
winds must, however, finally yield to the equatorial current when 
it reaches the earth's surface in its gradual descent. As a rule, 
«.«., with slight stoppage in the upper bed of the current, this will 
actually not take place. The return current which has com- 
menced is completed by accumulation on the higher strata of the 
polar return current, and maxima and minima disappear after 
constant conditions of current are again brought about in the 
higher layers of the atmosphere. If, however, there is a con- 
siderable block, strong maxima of pressure take place, and a more 
rapid sinking of the equatorial return current. Over a tiuct of 
low pressure this will sink to the ground with a velocity only 
slightly reduced by the quick motion of relatively calm air, and 
will produce storms here, which begin as south-western in the 
northern hemisphere, following Dove's law of rotation, through 
west and north-west gradually becoming weaker by friction with 
the earth, and carrying with it relatively quiescent air, are finally 
absorbed in the prevailing return current to the equator. These 
storm winds must now produce cyclones far beyond their own 
limits through convection of the neighbouring layers of air, which 
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make it very difiScalt to trace the regular coarse of atmospheric 
disturbance. That the barometer will, as a rule, stand low, when 
the equatorial current has itself reached the ground, is explained 
for the most part by the convective power of the moving air 
rarefying the quiescent masses of air in the neighbourhood of the 
current. The barometer, however, shows the pressure of the 
•surrounding quiescent air, and not the true pressure of the air 
comprehended in the motion. A barometer contained in the car 
of a balloon, moving rapidly with the storm, must, therefore, 
indicate an essentially higher pressure than one in a room.* 

The kinetic energy active in winds and storms depends 
essentially according to, the foregoing on the acceleration which 
the air rising in the tropics attains in consequence of being super- 
heated on the earth's surface. The kinetic energy equivalent to 
this is transferred especially to the upper highly rarefied strata of 
air. On account of their inertia these are driven with slight loss 
of velocity by internal friction to the polar regions of the earth. 
They thus retain the mean velocity of rotation which they pos- 
sessed when raised in the equatorial regions. They must therefore 
when they pass to the higher latitudes get in advance of the slower 
rotating earth, and so, as seen from it, approach the pole in spirals 
with diminishing inclination. If on this course they turn earlier 
to the earth on account of the narrowing of the upper current bed 
:and, united with the returning masses of air from the higher 
latitudes, return to the equator, they strike these, and with a more 
rapid descent the surface of the earth itself with a velocity com- 
bined of their own proper velocity, and the difference between 
their velocity of rotation and that of the surface of the earth at 
the point of contact. The source from which the storms of the 
higher latitudes really draw their destructive energy, is therefore 
the inertia of the earth itself. In order that its rotation may 



* Experiments I have made, of which 1 reserve a fuller communication, 
Jiave shown that a current of air, which passes by the mouth of a thin tube 
placed at right angles to its direction, occasions in the tube a rarefaction 
proportional to the velocity of the air, which corresponds within wide limits 
of velocity to the pressure of a column of mercury of 0*0025""" for each metre 
■of velocity of the air. I have constructed an anemometer on this principle, 
which gives the velocity of the air in a very simple and not very cumbersome 
manner. It consists essentially of a narrow vertical tube, which is carried up 
•as high as possible above the roof of the house. A simple pi*^ssure-metre 
placed in the room then gives directly the velocity of the air in metres. 

F F 2 
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remain unchanged, the law most be maintained, that the accelera- 
tion which the earth receives from the difference in velocity in 
high latitudes be compensated by the retardation in lower 
latitudes, in which the mean rotation of the air is smaller than 
that of the earth's surface. 

It follows immediately from these considerations that with 
increasing geographical latitude, the frequency and strength of 
the currents of air in the direction of the earth's rotation, in our 
hemisphere the west winds must increase more rapidly. In the 
arctic regions themselves, the highest strata of the equatorial 
current, which can alone reach them without being previously 
forced to return, must flow down to the earth's surface in north- 
easterly directed spirals. They must hence, and from their being 
forced in on all sides to the poles, produce an arctic maximum of 
pressure, and after sinking down, whilst retaining their velocity, 
must begin their equatorial return journey as a lower north-west 
wind. 

It is therefore again the kinetic energy gained in the equatorial 
npflow, which also drives back the air from the polar regions to 
the equator, and not the action of doubtful gradients of air 
pressure, which in no way suffice to explain the phenomena. By 
friction with the surface of the earth the south-westerly velocity 
which this return branch of the equatorial current possesses i» 
soon essentially diminished, and would be altogether destroyed at 
the surface of the earth if the higher strata of the air of the 
return current did not maintain it. Owing to the expansion of 
the lower bed of the current which takes place rapidly in the 
higher latitudes a rarefaction takes place in the mean strata of the 
air, advancing more rapidly in the equatorial direction, which 
brings about an inflow of the relatively quiescent lower strata of 
air into the higher ones rarefied beyond the condition of indifferent 
equilibrium. This inflow must take place from lower latitudes 
because the difference of pressure producing the upflow in them is 
smaller on account of the expansion of the current bed. Hence 
the current on the surface of the earth, even in the northern hemi- 
sphere, must maintain a southerly component. This explains why,, 
efl experience proves, the south-west and not the north-east wind 
preponderates here, as must be the case in the higher strata of the 
return current. 
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Abo, in the hypothetical case hitherto discussed of a homogeneous 
smooth and dry surface of the earth, the motions of the air in 
the middle and higher latitudes must be quite irregular, and not 
easy to be determined beforehand, as the maxima and minima of 
the air pressure commenced and maintained by stoppages and by 
the carrying forward of relatively quiescent air by that in quicker 
motion, serve as accumulators of the kinetic energy of the upper 
current of air, the charging and discharging of which must always 
cause new disturbances of the equilibrium of the atmosphere, and 
must produce up and down currents of air circling in it. In fact 
the very unequal distribution of sea and land, and the unequal 
hygroscopic state of the air produced by it, the orographic 
relations of the surface of the earth, and the diverse qualities of 
the ground of extensive connected tracts of it, form a chain of 
further disturbances in the equilibrium of the temperature, 
pressure, moisture, and local disturbances of strata of air accu- 
mulated or flowing near to each other which will prevent any 
weather prognostications from being made which may always be- 
considered as reliable. 

If moreover the hygroscopic state of the ascending air exerts no 
important influence on the magnitude of the kinetic energy of the 
air in motion, with which the energy of solar radiation is for the 
most part changed, it yet brings it about that the air loses its 
homogeneous character, since alternate strata of warm moist air 
and colder drier air are formed. I must refrain from entering 
upon the local influence of these varying conditions, for they 
belong to the domain of meteorology sustained by systematic 
observations. The same holds good of the extensive subject of local 
whirlwinds, ns they are produced, on the one hand by local 
maxima and minima on the earth^s surface, and on the other 
directly by local disturbances of the indifferent equilibrium. It 
only remains for me to make a few remarks on the dynamics of the 
latter class — the ascending cyclones with vertical axes of rotation. 

I have already explained in the earlier contribution, to which I 
have previously referred, that the violent motions of air which 
occur in local cyclones cannot be well explained as the result of 
simple acceleration of the rising air, by an existing overheating 
of the lower strata of air, and by their hygroscopic condition. It 
appeal's to me altogether inadmissible to take account of the rare- 
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faction of the air in the interior of cyclones by the centrifugal 
force of the masses of air circulating round it as an accelerating 
force upon it. The comparative vacuum formed can only produce 
suction in the direction of the axis of the cyclone^ either to raise 
the water upon the surface over which it rotates, or to draw down 
air from the higher regions of the atmosphere. Such a descend- 
ing current of air within a cyclone is confirmed by the dear sky 
with a calm air often seen in its centre. One must assume that 
the kinetic energy of air, hastening with enormous velocity into 
the cyclone, and rising up into it, is accumulated in repeated 
accelerated impulses, and that it arises from the greater velocity of 
the air of the higher strata. We must then imagine a local cyclone 
to be produced by an upflow of superheated air brought about by 
some local cause, at the boundary of an upper and lower region of 
disturbance of the indifferent equilibrium of a quiescent atmosphere, 
reaching the boundary of the upper overcooled strata of air which 
have acquired a tendency to descend. We must then form an outer 
descending current around the ascending one, by which as much 
air is brought down as the rising current carries up. If the 
equilibrium current embraces extended upper and lower strata of 
air, the descending masses will produce an increase of pressure in the 
neighbourhood of the cyclone gradually extending to the surface of 
the earth, and on the other side to the highest regions of the air, 
and transferits kinetic energy continually to new superheated masses 
of air, which ascend in the cyclone, whilst a portion of the descend- 
ing external cyclone rotating in the same direction ascends again 
within the inner and transfers to it a portion of the kinetic energy 
gained in the upper regions. The course of the centre of the 
cyclone is then determined by the direction of the mean velocity 
of all the masses of air forming the cyclone, and its duration is 
that of the disturbance of the indifferent equilibrium of the 
atmosphere which called forth and maintains it. 

Finally I will only mention that the opinion which I previously 
expressed, 'that aqueous vapour can be overcooled without con- 
densing like water without freezing has been confirmed by recent 
investigations of Robert von Helmholtz. The remarkable fact 
that the ascent of air containing so much vapour of water over 
the tropical seas is not followed by ceaseless rain is thus explained. 
We may now assume that aqueous vapour free from dust and 
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particles of water reaches the higher regions of the air without 
being condensed. 

It follows further that a local rising, like a solar protuberance, 
which must reach the higher regions of the air, and carry dust and 
particles of air, may by condensation of the aqueous vapour of 
these strata of air bring about the tremendous rainfalls which have 
been observed. The quantity of water which the equatorial 
current conveys to the temperate zones is thus also explained. 



ON THE QUESTION OF CURRENTS OF AIR.* 

In the September number of this Journal, Mr. Moller has 
given, under the title "On losses of external energy in the 
motion of the air," an adverse criticism of my contribution " On 
the conservation of energy in the earth's atmosphere," of which 
only a very incomplete abstract is to be found in these pages. In 
opposition to my proposition he desires " to draw attention to the 
great loss of energy which the air in motion suifers." That is to 
say that the loss of kinetic energy which would be caused by the 
friction of the air on the rough surface of the ground is of much 
more importance as regards ^'existing circulations ^' than the in- 
fluence of the conservation of the kinetic energy and its conse- 
quences. He seeks shortly to support this opinion '' by contrasting 
the properties of two depressions existing over a continent, of 
which the one possesses a preponderating ascending and the other 
a preponderating descending current." It is incomprehensible to 
me what the explained differences of the directions of the current 
brought about by these different local depressions have to do with 
the conservation of energy. The author indeed leaves the main 
question quite untouched : — ^whence there arise these considerable 
stores of energy which represent maxima and minima of pressure ? 
According to the view which I support, the great reservoir from 
which the energy is derived, that produces maxima and minima 
pressures of the atmosphere, and is able at times to set in violent 

* Meteorologischo Zeitschrift, December, 18S7. 
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motion the strata of air lying motionless near to the surface of the 
earth, is to be sought in the great and continuous circulation of 
the atmosphere occasioned and maintained by the superheating of 
the equatorial latitudes by the sun^s rays, and which continuously 
conveys a great portion of the equatorial heat to the temperate 
and cold zones. That the friction of the air with the surface of 
the earth along the course of this great current, comprising the 
whole atmosphere, should exert so important an influence (greater 
than the conservation of the energy) must be contested. As is 
well known there is, strictly speaking, hardly any friction between 
gases and solid bodies, as the latter are enclosed in a closely 
adhering air layer which does not take part in the motion of the 
air. And as, according to Bessel's experiments, a layer of air 
adhering to the surface of a pendulum swings with it, a layer of 
air also cleaves to the surface of the earth, which in close 
proximity to the ground takes no part in the currents of air of the 
atmosphere, and at a greater distance hardly any. There hence 
results a relatively quiescent, as it were stagnant, layer of air on the 
surface of the earth, whose height depends on its roughness, and is 
consequently less high above the sea and great plains than above 
mountainous and woody lands. This relatively quiescent layer of 
air rotating uniformly with the surface of the earth is in a great 
measure subject to disturbances owing to locally ascending currents 
and to cyclones brought about by them, and it may be correct as 
regards it that the efiect of friction upon the circulation taking 
place is more effective than the ineritay and therefore than the 
conservation of the kinetic energy. It is, however, only propor- 
tionately small forces which make their appearance in such local 
disturbances of equilibrium and cyclones. It is only when the 
cyclones existing below reach up to the region of the higher con- 
tinuous atmospheric current, and draw them into its motion, or 
when the twistings of the current and cyclones, called forth in the 
region of the upper general current through perpetual narrowing 
of the bed of the current of the equatorial, and widening of that 
of the polar current, bring about local changes of pressure, and in 
consequence the quick flowing air of the upper regions flows back 
to the earth's sur&ce, its inertia makes its appearance there as 
furious motion of the air. Mr. MoUer will not, so it appears, 
allow this reaction of the general current of air principally 
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existing in the higher air layers which are not hindered by 
friction on the earth's surface, on the phenomena observed on 
the earth's surface, but I must acknowledge that I do not under- 
stand the mechanical basis on which he will explain it. De- 
pressions and maxima pressures of the air cannot occur of them- 
selves. As much kinetic energy has to be used in their formation 
as they cau reproduce under the most favourable conditions. Only 
the sun's radiation can produce stores of force and currents of air, 
which fall most of all in the torrid zone ; whence it afready 
follows that we have to seek the causes of the changes of pressure 
and storms of the middle and high latitudes in the equatorial up- 
flow and not in local phenomena. 

But Mr. Moller does not restrict himself to seeking to prove 
that the conservation of energy in the atmosphere is not necessary 
for an explanation of the phenomena, but seeks in a special 
chapter entitled " Mixture of masses of air " to show that the 
assumption lying at the basis of my hypothesis on the circulation 
of air, viz., that the mixture of masses of air of different velocity 
takes place according to the law of the conservation of kinetic 
energy, is false. '' The resulting external motion takes place 
according to the law of inelastic, and not to that of elastic 
impact. Hence masses of air of different velocity must have 
after mixture the mean velocity of the masses and not the same 
kinetic energy. The loss of the latter must be changed into heat, 
sound or electricity." 

I am, fortunately, not here compelled to enter upon the obscure 
chapter of inelastic impact, which is incapable of explanation 
by experiment, as there are no inelastic solid bodies, because a 
mixture of air of different velocity does not enter into my argu- 
ment. In my view it is the same unmixed air, which rising up 
accelerated at the equator, without changing its velocity of rota- 
tion, streams into the poles in the highest regions of the atmo- 
sphere, and which, according to the narrowing of its current bed 
with increase of latitude, returns in the lower steadily widening 
current bed to the equator, retaining essentially its original 
velocity of rotation. I only brought forward the idea of a mix- 
ture in order to calculate in a simple manner the amount of the 
constant velocity of rotation. It cannot be doubted that it actually 
exists, if one allows the interchange of air in meridional currents. 
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as regularly manifested in the trade winds. The westerly direction 
of the trade winds shows indeed that the friction of the body of 
the earth does not itself suffice to communicate to the lowest 
strata of the air the local velocity of the rotation of the earthy 
and it must therefore be perfectly clear that the higher masses of 
air, which are almost entirely withdrawn from the eflFect of friction 
with the earth's surface, retain unaltered the mean velocity of 
rotation with which they ascend. Indeed there are no forces to 
bring about any alteration in it. My calculation of this velocity of 
rotation of the atmosphere is based upon the assumption that the 
meridional forward and backward current is extended equally over 
the whole surface of the earth. In this case the idea I used of a 
mixture gives the correct mean velocity. It is evident that this 
assumption cannot be strictly correct, as the angular velocity of 
the air with constant velocity of the periphery must be so great 
in the neighbourhood of the pole that the air pressure would be 
indefinitely small. The reversing of the polar air current must 
therefore be already accomplished before the polar regions are 
reached, which must themselves be covered with relatively 
quiescent or whirling air. The mean velocity of rotation of the 
atmosphere must therefore lie somewhat nearer to the equator 
than the 35th degree of latitude calculated by me. 

It has been poinfted out by Mr. Moller and ako previously by 
others, that Ferrcl had already shown by calculation that the 
atmosphere above the 35th degree of latitude had the velocity of 
rotation of the earth's surface. This is quite correct, but is 
according to all appearailce only an accidental coincidence, for the 
bases of the two calculations are different throughout, and did not, 
as I myself at first assumed, proceed from similar considerations. 
With Ferrel the westerly motion of the air between the 85th 
degrees of latitude and the easterly motion polewards of those 
degrees result from a calculation which takes no notice of inertia 
and friction, as if it were an original condition of motion, which 
had to alter with the influence of modifying forces, whilst my 
calculation has regard to the final condition of equilibrium. 

I assume with Dove that a powerful equatorial current is the 
cause and the conveyer of the alterations of the pressure of the 
air, as of the cyclones and storms of the higher latitudes. When 
Dove started his theory and advocated the same with a warmth 
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and faith of conviction well remembered by many older physicists, 
treatises on the theory of the conservation of energy did not 
exist. Although the theory was only imperfectly developed and 
entailed many impossibilities, Dove discovered in the ** ascending 
current " of the torrid zone the source which as equatorial 
current conveys heat, power and vapour of water to the upper 
latitudes. It may appear very wonderful to the younger genera- 
tion of physicists, brought up in the light of the theory of the 
conservation of enei^y, that a Dove did not think of freeing his 
theory of the equatorial current from its dross by strict con- 
sideration of the vis inertia of moved masses. He need only 
have supposed his "ascending current" which rose as a north- 
cast trade, and was deflected by the south-east trade obstructing 
the way at the equator in a north-westerly direction, to continue 
its course with unaltered velocity and direction, then the smaller 
velocity of rotation of the equatorial current which manifested itself 
as an east wind on reaching the higher latitudes with less velocity 
of rotation, must become at first equal to, and with farther 
advance greater than the velocity of rotation of the earth, and 
so the constant east wind of the tropics must change to the pre- 
ponderating west wind of temperate and polar zones. Also the 
difficult question according to Dove's theory regarding the cause 
of the return current to the equator with considerable increase of 
pressure of the upper latitudes may be explained by the inertia of 
the moved air. As with ascending latitudes the current bed of 
the equatorial current continually narrows, the bed of the polar 
current widens in the same degree ; with the first there must 
therefore occur a continuous retardation with increase of pressure, 
with the last a spreading out with reduction of pressure. The 
consequence must be a continuous overflow of air from the 
equatorial to the polar current, whereby the difference of pressure 
is partly again neutralized. This overflow can produce no altera- 
tion in the velocity of rotation of the equatorial current, and so 
the polar stream must in general have the same velocity of rotation 
as the former. The meridional current will also remain unaltered 
through passing over from the equatorial to the polar current, for 
this passing over is performed as a rule in curves with great 
radius. It is therefore the inertia of the air of the equatorial 
current which drives it again in the polar current to the equator. 
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With this alteration in the direction of motion must necessarily 
be combined an increase of pressure towards the poles, but this is 
in part compensated by the inverse action of the angular velocity 
increasing with the latitude, and the inclination of the plane of 
rotation to the direction of gravity. 

It is evident that this dependence on one another of all moving 
factors, makes the circulation of the air very sensible to disturb- 
ances which are, as a rule, to be reduced to local disturbances of 
equilibrium in the lowest relatively quiescent layer of air. When 
such disturbances of equilibrium develope into great tornadoes in 
the upper air strata — ^which is much favoured by the opposed 
direction of the currents of air lying over one another — ^they 
must call forth in it various alterations in the pressure of the air. 
These alterations of the air disturb on their side the indifferent 
equilibrium existing in the greater heights of the atmosphere, and 
thus occasion increased alterations in the pressure of the air on 
the earth's surface, and therefore produce maxima and minima of 
air pressure with all their consequences. 



ON THE GENERAL SYSTEM OP WINDS ON THE 

EARTH.* 

In the May number of the '' Meteorologische Zeitschrift " there 
is a paper by Dr. Sprung, entitled " On the Theories of the General 
System of Winds on the Earth," in which the calculations of the 
direction and strength of general currents of air set forth in my 
communication to the Academy of the 4th March, 1886, *' On the 
Conservation of Energy in the Earth's Atmosphere," are critically 
compared with Ferrel's old theory. This paper induces me to 
make the following observations, which, however, are not directed 
against Dr. Sprung's objections to the strict validity of the results 
of my calculations, which objections are to a certain extent quite 

* From the transactiona of the Berlin Academy of Science, 1890, YoU 
XXX. 
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JQBt, bnt against the supposition that I hare attempted^ like 
Ferrel, ''to found on theoretical calculations a theory of the 
general system of winds on the eartL" Apart from not consider- 
ing myself a sufficient adept in mathematics, I may say that I 
consider this method altogether inappropriate. So very complica- 
ted a problem as that of the general system of winds cannot 
possibly be constructed a priori on the basis of mathematical 
calculations, as up to now no simple basis has been found under- 
lying all the phenomena. In my treatment " Of the Conservation 
of Energy in the Earth's Atmosphere," I first sought to determine 
the forces which produce, maintain, and retard the motion of the 
air, and then to find by calculation the direction and magnitude of 
the general motion of the air induced by their combination. It is 
therefore not correct '' that I sought like Ferrel to demonstrate by 
means of calcnlation an original state of atmospheric motion in 
order afterwards to base my further speculations thereon." Nor is 
it correct that I have taken no account in my calculations of 
the retardation of the motion of the air through friction, 
for the meridional flow of air, very appropriately called *' main 
circulation" by Dr. Sprung, on which my theory of the general 
system of air-currents is based, depends exactly on the balance 
between the upward acceleration of the air in the equatorial regions 
caused by the heating of the lowest strata through solar radiation, 
and the loss of energy which the air in motion suffers during its 
circulation. This main circulation has in the course of thousands 
of years brought about an admixture of masses of air, which with- 
out it would have rotated with the surface of the earth on which 
they rest. I only made use of the mathematical idea of an instan- 
taneous frictionless admixture of the strata of air of all latitudes, 
to determine in a simple manner the direction and magnitude of 
the motion which has existed since remote antiquity. Ferrel does 
not start, as I do, from a main circulation which continually inter- 
changes the strata of air rotating with the velocity due to their 
latitude, and thereby gradually intermixes them, but brings about 
this admixture through a frictionless displacement in the meridional 
direction of the rotating rings of air of the different latitudes in a 
manner not very clearly explained. "We have here essentially the 
same basis of calculation as that underlying my idea of an admix- 
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tare, and FerrePs and my calcnlafcion are therefore the same in 
result as regards the direction of the cnrrents of air ; on the other 
hand, we differ essentiallj in our statements of the relative 
strength of the wind north and south of the 85th degree of latitude. 
I am quite of Dr. Sprung's opinion that neither of the two 
theories can be considered quite correct. I look upon mine indeed 
as nothing more than a first approximation to the truth. And so 
iu my calculations I have not taken into consideration such com- 
plicating influences as the diminution of temperature towards the 
poles, and the non-coincidence in direction of centrifugal force and 
gravity. The latter fact, the effect of which is also proved by the 
consideration that the mass of air rotating in the higher latitudes 
must everywhere have a tendency to continue moving in the 
greatest circles, and therefore to strive to reach the equator, would 
bring about a diminution in the pressure of the air with approach 
to the poles, and would therefore essentially prejudice the result 
of the calculation of the admixture, if this tendency were not com- 
pensated by other forces having an opposite effect. It is not, 
however, these but othet fundamental assumptions which deter- 
mine a very great difference between the two conceptions and lead 
to very different results. One of them is the assumption by Ferrei 
that the so-called law of areas in the form of the conservation of 
the moment of inertia holds good for the displacement of the air 
rotating with the earth^s surface in a meridional direction. To this 
I cannot agree, but, on the contrary, must deny that the conserva- 
tion of the moment of inertia comes into play in the motion of the 
air. 

This law of areas, taken from astronomy, states that a mass which 
rotates freely about another describes equal areas in equal times. 
This is due to the acceleration of the rotating mass as it approaches 
and its retardation as it recedes from the centre of attraction of the 
fixed mass. The greater velocity acquired by acceleration results 
in the description of a larger arc iu the unit of time, and so leads 
to the law of areas. According to Ferrei a quantity of air rotating 
in any latitude with the earth's surface cannot travel in the direc- 
tion of the meridian with an invariable absolute velocity, and 
therefore with a constant vis viva as I assume it to do, but its 
moment of inertia must remain constant^ which corresponds to a 
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considerable change of velocity. In order that the moment of 
inertia may remain constant (which is the case when the linear 
velocity of the rotating body varies so that eqnal areas are 
described by it in eqnal times), a considerable amount of energy 
must be expended to produce the alteration in the velocity of the 
inert mass of air. But there is no force whatever available to per- 
form this work. If the radius of rotation of a rotating solid body 
is shortened, the force which produces the shortening must over- 
come the centrifugal force. The sum of the products of all the 
centrifugal forces into the paths traversed gives the work expended 
in the acceleration of the rotating mass, and this exactly suffices to 
maintain the law of areas, that is, in this case the moment of inertia 
constant. But no analogous relations exist in the case of the 
motion of the air on the earth^s surface, where no alteration in the 
force of attraction is caused by the tangential displacement and 
no acceleration of the shifting mass by gravitation. Nor is it 
clear how the neighbouring air-strata can exert a pressure on those 
to be displaced capable of performing the considerable work of 
acceleration which the maintenance of the moment of inertia 
requires. A displacement of the whole mass of air of a rotating 
ring in the meridional direction cannot moreover take place, for 
the volume of such a ring of definite thickness varies as the cosine 
of the latitude, and with a polar displacement a corresponding por- 
tion of the mass of the ring must either lag behind or return to 
the equator. But even as regards that portion of the ring actually 
displaced in the polar direction, there is no physical reason for 
assuming a conservation of the moment of inertia in the case of 
currents of air ; such an assumption would, on the contrary, lead 
to the greatest contradictions and discontinuities. For in the 
assumed original condition from which both Ferrel and I start, 
when as yet no meridional currents existed, the air of each latitude 
rotated with the velocity of the ground upon which it rested, and 
its velocity therefore diminished with the cosine of the latitude. 
!Now, according to Ferrel's views, this relation must not only have 
been reversed with the appearance of meridional currents, but 
instead of a diminution an increase of the velocity of the air must 
have occurred in a yet higher degree, if the moment of inertia of 
the air is supposed to remain constant. But why it must remain 
constant, and what forces could bring about so considerable an 
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increase of the vis viva of the rotating air, are eqaallj incompre- 
hensible.* 

Another of Ferrel's assumptions with which I cannot agree is 
that the uppermost strata of air can slide down inclined surfaces 
of equal air-pressure, for in these there is as little tendency to tan- 
gential displacement as on a level surface. That such a displacement 
could not in general take place follows at once from the consideration, 
that even if a current of air did descend, a difference of pressure 
would arise, with a consequent disturbance of the balance of pressure, 
and the immediate production of a back current. It hence follows 
that meridional currents of air cannot be caused bj the steady 
increase in the temperature of the air from the poles to the equator 
which (disturbances excepted) is found to exist, and to this Dove 
agrees. Surfaces of equal pressure exist at all levels throughout 
such an unequally heated atmosphere which reach from the equator 
to the poles, and along which no spontaneous motion of the air can 
take place. Notwithstanding the greater rarefaction or loosening 
of the air through the heat of the torrid zone, the air would remain 
at rest, if the indifferent equilibrium were not disturbed in some 
portion of it. The real condition of equilibrium and of relative 
rest of the atmosphere is that of indifferent equilibrium with the 
adiabatic scale of temperature appropriate to it. In other words, 
setting aside friction, no work is required to take a mass of air 
from one level to another, which means in this case that the enei^ 
expended by the expansive action of the air is balanced by the loss 
of heat in cooling, and inversely. The condition of relative rest 
of the atmosphere depends therefore on the maintenance of 
indifferent equilibrium, every disturbance of which makes its 

* I must emphatically protest asainst Dr. Spning's statement 'Hhat there 
is the same (certainly very excusable) error contained in my assumption of a 
constant velocity of rotation of the air, as in the conception of Hadley and 
Dove on the influence of the earth's rotation on the motion of the air.** Dr. 
Sprung is not entitled to bring forward von Helmholtz/s communication "On 
Atmoepheric Motions " in support of this opinion, for in this mathematical 
inquiry von Helmholtz has considered a " hypothetical case." He says, *' If 
we assume a rotating ring of air — ^the axis of which coincides with the earth's 

axis to be displaced at one time to the north and at another to the south by 

the pressure of similar neighbouring rings, the moment of inertia must remain 
constant, in accordance with the well-known general mechanical principle." 
This is no doubt correct, for in the assumed case the pressure of the 
neighbouring rings performs the work of acceleiation ; but the point in 
question is just whether there are forces available to exert this displacing 
pressure. 
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appearance as a storage of energy, haying the tendency to re-esta- 
blish it throngh the motion of the air. These disturbances are to 
be explained exclosively by the unequal heating of the strata of 
air by the sun's rays and their unequal cooling by radiation of heat 
into space. The sun's rays heat the surface of the earth, which 
then heats the strata of air resting upon it. The excess of tempera- 
ture thus brought about over the adiabatic temperature of the 
earth, which corresponds to the mean temperature of the whole 
superincumbent column of air, forms a store of energy like a bent 
spring, which can only be balanced again through the spreading of 
the excess temperature of the deepest to the overlying air-layers, 
and thus restoring the disturbed indifferent equilibrium. Practi- 
cally, this can only be effected by air-currents. When the super- 
heating is only local, a rising of the superheated air will occur at 
some locally fikvoured place, which will increase quickly with the 
height, for the upflow in the so-formed natural chimney increases 
with the height. This chimney differs from ordinary chimneys 
not only in height, but essentially, in so &r that it has elastic walls, 
and that the pressure and density of the strata of air inside and 
outside diminish with the height. The velocity of the ascending 
air must therefore increase inversely as the density, for at each 
instant equal masses of air must pass thrpugh all sections of the 
chimney. Considering the small height of the atmosphere as com- 
pared with the earth's radius, no considerable increase of area 
with height takes place within it, and hence the velocity of the 
currents of air with up and down flow must increase and diminish 
absolutely with the air-pressure of the place. Through this upflow a 
greater portion of the sun's energy stored up in the air is therefore 
changed into the vis viva of air in motion than would be the case 
without such acceleration. The final results of the upflow of air 
limited as to space which has been overheated on the earth's surface, 
will be that this local air-current ascends with accelerated velocity 
up to the very highest regions of the air, that at the same time the 
strata of air surrounding the upflow descend with diminishing 
velocity, and that finally the heat produced on the earth's surfiEU^e, 
and thereby disturbing the equilibrium, is dispersed through aU the 
overlying air-strata and so restores the indifferent equilibrium of 
this part of the atmosphere. 

When this heating of the layers of air near to the ground is 
VOL. I. 00 
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extended to a vbole zone' of the earth, the balancing of the 
indifferent equilibrinm distnrbed throngh solar radiation is 
effected on the same principle, although the resulting phenomena 
are quite different. In this case the upflow would no longer be 
limited as to space, but comprehend the whole torrid zone syste- 
matically, nor can it be limited as to time, but the adjustment, 
like the cause of the disturbance, must continue unlimited. A 
continuous system of currents comprehending the whole atmosphere 
must consequently be formed, which eventually brings about the 
continual transference of the extra, heat of the air near to the 
ground in the torrid zone to the whole atmosphere at all levels 
and latitudes, and restores the indifferent equilibrium disturbed in 
the torrid zone, through continuous air-currents. 

If the possible lines of currents are constructed, bearing in 
mind that stream-lines cannot cut one another, that the velocity 
of an asceuding current of air must increase directly as the height 
and inversely as the pressure, and finally that the air must main- 
tain its velocity unaltered unless expended in friction, mixture^ 
or the work of compression, the system of winds proposed by me 
is necessarily arrived at, depending essentially on the via inertia 
of the heated air set in accelerated motion by the equatorial 
upflow. This vis inertia not only forces the accelerated rising air 
along the higher strata of the atmosphere, but is also the cause of 
its return along the lower strata to the equator. 

It would lead me beyond the scope of this communication were 
I to enter upon a closer discussion of this via inertia of the air^ 
and on the influence of the vapour of water, which considerably 
modifies it. But I may be allowed to say something on the origin 
of the great stores of local energy indicated by the maximum and 
minimum pressure of the air. The sum of the pressure of the 
atmosphere at every part of the earth's surface must be constant, 
for this sum represents the weight of the invariable total amount 
of air. A reduction of the pressure of the air at one part must 
therefore necessarily be always opposed by a simultaneous increase 
of pressure elsewhere. It is evidently no use to look for the 
originating cause of the maxima and minima in local conditions 
of the atmosphere. The barometer frequently gives intimation of 
these before any alteration takes place in the state of the atmo- 
sphere on the earth's surface. Frequently, however, light clouds 



WERNER VON SIEMENS. 45 1 

indicate an alteration already set in the higher strata ; and so in 
&)y paper, '^On the Conservation of Energy in the Earthls 
Atmosphere," I placed the origin of the maxima and minima in 
the upper strata of the atmosphere, in the temperature and velocity 
of which constant alterations take place, depending upon the place 
of ascent of the air, t.^., on its temperature and hygroscopic state 
before it ascends. If no change in the seasons took place, there 
would probably be great regularity in the currents in the upper 
strata of the atmosphere, which would bring about a certain 
sequence in the changes of weather not hitherto attained. We 
are not yet able to find out where the air comes from which flows 
at any moment over any portion of the earth's surface in a polar 
direction along the higher strata of the atmosphere, and upon the 
place and the season of the ascent will depend the temperature 
and velocity of this air. As the expenditure of heat during the 
ascent of the air, %.e., during ite working expansion, depends upon 
the d^ee of its attenuation, and therefore on its elevation, nearly 
the same diminution of heat takes place with hot as with cold air. 
At all heights of the atmosphere differences of temperature must 
make their appearance equal in degree to those existing on the 
earth's surface, for any surplus of heat which the air possesses 
before its ascent must be retained by it after it has been rarefied 
and cooled through the ascent. On this account the general 
condition of the atmosphere will not be that of unstable equili- 
brium but so-called stable equilibrium, for the higher strata of 
the atmosphere, on account of their equatorial origin, will be 
warmer and lighter throughout than they should be according to 
the adiabatic scale of temperatm'e of the place over which they 
are. The velocity of ascent of the air wiU increase with the 
quantity of heat and moisture which it contains before its ascent ; 
and therefore in the higher strata of the atmosphere of the mean 
and higher latitudes, relatively warm and light currents of air of 
greater velocity must intermingle with colder and slower currents. 
Such a current of relatively light and warm air, completely or 
partially occupying the upper atmosphere,, disturbs on its side the 
indifferent equilibrium of the lower stittta of the atmosphere. 
The lower atmosphere, relatively at rest on the boundaries of the 
strata, must be under too great a pressure, and must therefore 
exnand and be carried along with the quick-flowing lighter air 
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above it. As voq Helmholts has shown, this carrying away must 
go on with great energy, prodncing waves, and in consequence 
there most be an expansion and flowing np of the lower air, which 
will continue until the indi£Ferent equilibrium disturbed by the 
lower pressure of the upper strata of the atmosphere is again 
restored. When the pressure of the air of the upper strata 
increases beyond that due to their elevatiou, through cooling and 
condensation, in consequence of the diminution of the width of 
the current with increasing latitude, the opposite effect will be 
produced, the limiting strata will sink down, condensing the lower 
strata of air, and thereby increasing their pressure. In both cases 
the disturbed indifferent equilibrium must eventually be again 
restored by the strata of air lying below the source of disturbance 
delivering by means of up-currents, or taking up by means of 
down-currents, as much air as is required to restore the condition 
of indifferent equilibrium in the whole height of the atmosphere. 
In order to effect this the pressure of the air of the lower strata 
must increase or dimuiish, in the first instance, until it has 
adjusted itself to the scale of pressure of the indifferent equili- 
brium of the disturbing upper air-strata. In other words, the 
pressure on the earth's surface must vary proportionately with the 
change of pressure above, by which means the sudden changes 
observed in the pressure of the air on the earth's sur&ce are 
perfectly explained. This alteration in the condition of the lowev 
strata of air will continue even after this adjustment has been 
effected so long as the cause in the upper strata of the atmosphere 
continues ; and during that time minimum pressures of air with 
ascending currents, and maximum pressures with descending 
currents, of air must occur, and set the atmosphere for a consider- 
able distance in whirling motion. It is only when the flow of aiF 
in the higher strata of the atmosphere has again become normal, 
that a mean position of the barometer and relative rest of the 
atmosphere on the earth's snrfiu» will again prevail* 

The theory of the general system of winds may therefore be 
summed up in the following statements : — 

1. All motions of the air depend upon disturbances of the 
indifferent equilibrium of the atmosphere, and tend to bring 
about its restoration. 

2. These disturbances are caused by the superheating of the 
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fltaita of air lying nearest to the earth's snrfiM^e through scflar 
heaty by nnsymmetrical cooling of the upper layers of the air 
through radiation, and by the piling up of masses of air in 
motion through obstructions occurring to the current. 

8. The disturbances are balanced by means of ascending 
currents^ which possess an acceleration of such a kind that the 
increase of velocity of the air is proportional to the diminution of 
its pressure. 

4. Down-currents of equal magnitude correspond to the up- 
currents, and in these the velocity of the air is retarded in the 
same proportion as that of the upflow is accelerated. 

5. If the heating of the lower strata of air takes place within a 
limited area, a local upflow occurs reaching to the uppermost 
regions of the air, and presenting the appearance of whirling 
columns with ascending spiral currents of air inside and similarly 
directed descending currents outside. The result of these whirling 
currents is a diffusion of the surplus heat of the lower strata 
through which the adiabatic equilibrium is disturbed, to the whole 
column of air which took part in the whirling motion. 

6. When the sphere of disturbance of the indifferent (or adia- 
batic) equilibrium is very extended, comprising for instance the 
whole torrid zone, the equalization of temperature can no longer 
be effected by local ascending whirling currents, but these must 
comprise the whole atmosphere. The conditions ace the same as 
with local currents, viz., an accelerated ascent and retarded descent 
of the air, so that the velocity of the air due to the action of the 
heat is at the different latitudes approximately inversely pro* 
portional to the air-pressure prevailing there. 

7. As the air of every latitude rotates with approximately the 
same absolute velocity in consequence of the constant meridional 
currents which the heat produces and maintains, the great system 
of currents of air surrounding the whole earth, whose function it 
is to give a share of the surplus, heat of the torrid zone to the 
whole atmosphere by transferring equatorial heat and moisture to 
the middle and higher latitudes and by originating local air- 
currents in them. 

8. These latter are due to the local . production of alternate 
increase and decrease of pressure through the disturbance of the 
indifferent equilibrium in the upper strata of the atmosphere. 
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9^ The maximum and minimnm air-pressures are effects of the 
temperatm^ and velocity of currents of air in the higher strata of 
the atmosphere* 

From what precedes, the investigation of the causes and effects 
of the disturbance of the indifferent equilibrium of the atmosphere 
may be considered as one of the most essential probl^ns of 
meteorology, and the investigation of the geographical origin of 
the air-currents passing over us on their way to the poles as the 
most important problem in the prognostication of the weather. 



ON THE QUESTION OP CAUSES OP ATMOSPHERIC 

CURRENTS • 

It was not my intention to return to the question of atmospheric 
dynamics, because I believed I had made my view sufficiently clear, 
and as Mr. Max MoUer, who.alone in his treatise '* The use of the 
law of surfaces on atmospheric currents " has gone closer .into my 
communication '^ On the general system of winds of the earth," 
' has consented in its essentials to my assertion of the inapplicability 
of the so-called law of surfaces to atmospheric currents. But I 
have lately become aware that certain statements of principle of 
Mr. MoUer are directly opposed to those put forward by me, and 
that my silence would be construed as though I had given them 
up. As this is by ho means the case, and as it does not appear to 
me in the interest of science to let contradictions of principles 
remain unanswered, I must beg leave for a few lines in vindication 
in the columns of this paper. 

Mr. Max MoUer writes, '^The author directs against Ferrers 
theory the consideration, that it makes a much too unlimited use 
of the law of the conservation of the moment of inertia. This is 
correct as a matter of fact, although a limitation of the succeeding 
words of the author appears necessary. He says, ' I must deny 
that the conservation of the moment of inertia comes into play in 
the motion of the air,' and further, ' that the moment of inertia 

* MeteoTologiache Zeitschrift, 1891. 
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